Radiation hardness of superconducting magnet insulation materials for FAIR by Seidl, Tim
  
Radiation hardness of superconducting 
magnet insulation materials for FAIR 
 
Strahlenhärte von Isolationsmaterialien der supraleitenden Magnete für FAIR 
Vom Fachbereich Material- und Geowissenschaften der Technischen Universität 
Darmstadt 
zur Erlangung des akademischen Grades eines Doktors der Naturwissenschaften  
(Dr. rer. nat.) genehmigte Dissertation von Tim Seidl (Dipl.-Chem.) aus Gelnhausen 







Radiation hardness of superconducting magnet insulation materials for FAIR 
Strahlenhärte von Isolationsmaterialien der supraleitenden Magnete für FAIR 
 
Dem Fachbereich Geo- und Materialwissenschaften der Technischen Universität 
Darmstadt vorgelegte Dissertation von Tim Seidl aus Gelnhausen 
 
1. Gutachten: Prof. Dr. Wolfgang Ensinger 
2. Gutachten: Prof. Dr. Christina Trautmann 
 
Tag der Einreichung: 19.12.2012 
 
Tag der Prüfung: 18.02.2013 
 





 Erklärung zur Dissertation
 
Hiermit versichere ich, die vorliegende Dissertation ohne Hilfe Dritter nur mit den 
angegebenen Quellen und Hilfsmitteln angefertigt zu haben. Alle Stellen, die aus 
Quellen entnommen wurden, sind als solche kenntlich gemacht. Diese Arbeit hat in 
gleicher oder ähnlicher Form noch keiner Prüfungsbehörde vorgelegt.
 
Darmstadt, den 23.02.2013
                  
                 
________________________________












This thesis focuses on radiation degradation studies of polyimide, polyepoxy/glass-fiber 
composites and other technical components used, for example, in the superconducting 
magnets of new ion accelerators such as the planned International Facility for Antiproton and 
Ion Research (FAIR) at the GSI Helmholtz Center of Heavy Ion Research (GSI) in Darmstadt. As 
accelerators are becoming more powerful, i.e., providing larger energies and beam 
intensities, the potential risk of radiation damage to the components increases. Reliable data 
of the radiation hardness of accelerator materials and components concerning electrical, 
thermal and other technical relevant properties are of great interest also for other facilities 
such as the Large Hadron Collider (LHC) of CERN. 
Dependent on the position of the different components, induced radiation due to beam losses 
consists of a cocktail of gammas, neutrons, protons, and heavier particles. Although the 
number of heavy fragments of the initial projectiles is small compared to neutrons, protons, 
or light fragments (e.g. α particles), their large energy deposition can induce extensive 
damage at rather low fluences (dose calculations show that the contribution of heavy ions to 
the total accumulated dose can reach 80 %). For this reason, defined radiation experiments 
were conducted using different energetic ion beams (from protons to uranium) and gamma 
radiation from a Co-60 source. The induced changes were analyzed by means of in-situ and 
ex-situ analytical methods, e.g. ultraviolet-visible and infrared spectroscopy, residual gas 
analysis, thermal gravimetric analysis, dielectric strength measurements, measurements of 
low temperature thermal properties, and performance tests. In all cases, the radiation 
induces a change in molecular structure as well as loss of functional material properties. The 
amount of radiation damage is found to be sensitive to the used type of ionizing radiation 














Thema dieser Arbeit sind Bestrahlungsstudien an Polyimid, Polyepoxy/Glasfaser-Kompositen 
und anderen technischen Komponenten, die in supraleitenden Magneten neuer 
Teilchenbeschleunigern wie der geplanten International Facility for Antiproton and Ion 
Research (FAIR) am GSI Helmholtz Center of Heavy Ion Research (GSI) in Darmstadt ihren 
Einsatz finden. Durch den Zuwachs an Energie und Intensität von zukünftigen 
Teilchenbeschleunigern erhöht sich das potentielle Risiko von Strahlenschäden in diversen 
Beschleunigerkomponenten. Zuverlässige Daten über die Strahlenresistenz von Materialien 
und Komponenten hinsichtlich technisch relevanter Eigenschaften sind auch für andere 
Beschleunigerzentren wie z.B. den Large Hadron Collider (LHC) des CERNs von zentraler 
Bedeutung. 
Abhängig von der Position der verwendeten Bauteile induzieren Strahlverluste eine 
Strahlenbelastung bestehend aus einer Mischung von Gammas, Neutronen, Protonen, und 
schweren Partikeln. Die schweren Partikel induzieren extensiven Schaden bei relativ 
niedriger Fluenz, obwohl ihre Anzahl im Vergleich zu leichteren Partikeln klein ist 
(Dosisrechnungen zeigen, dass der Anteil der durch Sekundärstrahlung induzierten Dosis bis 
zu 80 % betragen kann). Aus diesem Grund wurden definierte Bestrahlungsexperimente mit 
energetischen Ionenstrahlen (von Protonen bis Uran) und Gammastrahlung aus einer Co-60 
Quelle durchgeführt. Die Analyse der induzierten Materialänderungen erfolgte mittels 
verschiedener in-situ und ex-situ Methoden, wie UV/Vis- und Infrarotspektroskopie, 
Restgasanalyse, Thermogravimetrischer Analyse, Durchschlagsspannungs-Messungen, 
Messungen der thermischen Eigenschaften bei tiefen Temperaturen und Funktionstests. In 
allen Fällen führte die Bestrahlung zu einer Veränderung der molekularen Zusammensetzung 
und einem Verlust an funktionellen Eigenschaften, wobei die Stärke der induzierten 
Veränderungen sensitiv zur Art der ionisierenden Strahlung ist. Die erhaltenen Ergebnisse 
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60 Hz is used) 
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FAIR Facility for Antiproton and Ion Research 
FormvarTM Polyvinyl formal 
FRP Fiber reinforced plastics 
G10 (CR) Standard for glass fiber reinforced polyepoxy given by 
National Electrical Manufacturers Society 
G11 (CR) Standard for glass fiber reinforced polyepoxy given by 
National Electrical Manufacturers Society 
GANIL Grand Accélérateur National d'Ions Lourds (Caen, France) 
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GSI GSI Helmholtz Center of Heavy Ion Research (Darmstadt, 
Germany) 
HMI Hahn Meitner Institute in Berlin 




ISL Ionenstrahllabor (Ion beam laboratory) existing at the Hahn 
Meitner Institute (HMI) at Berlin. End of operation in 2006. 
ITEP Institute for Theoretical and Experimental Physics 
(Moscow, Russia) 
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JINR Joint Institute for Nuclear Research in Dubna/Russia 
MPS Methacryloxypropyltrimethoxy-silane  
MS Mass Spectrometry 
NEMA National Electrical Manufacturers Society 
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PTFE Polytetrafluoroethylene 
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PVDF Polyvinylidene Fluoride 
QMS (Quadrupole) Mass Spectrometer 
RGA Residual Gas Analysis 
sc Superconducting 
SDBS Structural Database of Organic Compounds 
SEM Scanning electron microscopy 
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This study is motivated by the planned Facility of Antiproton and Ion Research (FAIR). This 
new facility will cover a range of unique high-energy physics experiments in the fields of 
nuclear structure and matter physics, atomic and plasma physics, physics with antiprotons, as 
well as biological and material science [1], [2]. First presented in 2001 at the GSI Helmholtz 
Center of Heavy Ion Research (GSI) in the Conceptual Design Report [3] the Baseline 
Technical Report was prepared with the contribution of 2500 scientists and engineers from 
45 countries and accepted by the International Steering Committee for negotiation of FAIR 
funding [1]. Recently (Oct. 2010) the international civil agreement between 9 countries was 
signed setting the final course of the facility. 
 
Fig. 1.1 Picture of GSI today (left) and artificial graphic of the planned FAIR facility (right) [4] 
 
FAIR will consist of a complex accelerator system including two superconducting synchrotron 
accelerator structures SIS 100 and SIS 300 having 100 Tm and 300 Tm of maximum 
magnetic rigidity using the old GSI facility as an injector (pre-accelerator). The 
circumferences of both synchrotrons will be 1100 m and their magnetic lattices will be 
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provided by new fast cycling superconducting (sc) magnets. Superconducting magnets are 
used to minimize costs due to their low construction and operation costs. 
 
Fig. 1.2 Scheme of the existing accelerator facility of the GSI Helmholtz Center of Heavy Ion 
Research (left, blue) and the planned FAIR (red, right). 
 
To meet the scientific goals of FAIR, the new facility has to provide high precision and 
intense particle beams which will be 2 orders of magnitude higher in intensity than the 
existing GSI facility. Additionally, the energy of heavy ion beams will increase by a factor of 
10 (Table 1.1) [5]. 
 
 
Table 1.1 Overview of scientific topics and their demands at FAIR 
Research Field Energy Peak Intensity Average Intensity 
Radioactive Ion Beams 0.4-1.5 GeV/u all Elements 5x10
11
 ions/pulse 3x1011 ions/sec 
Antiprotons 29 GeV 4x1013 ions/cycle - 
Dense Nuclear Matter 34 GeV/u Uranium - 2x109 ions/sec 
Plasma Physics 0.4-1 GeV/u 1x1012 ions/pulse - 
Atomic Physics 1-10 GeV/u - 1x109 ions/sec 
 
This increase in energy and intensity will be a challenge in accelerator technology, especially 
for magnet design and vacuum technology. Beam losses will influence the dynamic vacuum 
of the machine as well as produce a secondary radiation field [6] which will alter materials 
and functional devices. Especially, materials sensitive to ionizing radiation are of primary 
concern. For example, the long-term reliability of insulation materials under such extreme 
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conditions is an issue of vital importance and therefore the topic of this study. A simple 
insulation failure would cause serious costs and long machine down-times of the accelerator. 
1.2 Superconducting Magnet Design for FAIR 
The planned synchrotrons (SIS 100 & 300) will consist of hundreds of magnets which will 
have to handle ion beams of very high intensity. This requirement can only be met by high 
cycling times and short ramping times. For the required beam rigidities and space constraints 
dipoles with fields up to 6 T are necessary which can only be provided by superconducting 
coils [5]. 
Despite common accelerators using superconducting magnets with a low ramping rate (e.g. 
the Large Hadron Collider at the CERN), the FAIR magnets will have to feature fast ramping 
rates such as 4 T/s up to 2 T and 1 T/s up to 6 T for SIS 100 and SIS 300, respectively. 
The only facility so far using fast ramped superconducting magnets is the Nuclotron at the 
Joint Institute for Nuclear Research (JINR) in Dubna. Inspired by the good performance, GSI 
decided to build Nuclotron-type dipoles for the SIS 100 and started a big R&D phase [7], [8]. 
The optimization of these magnets led to the successful building and testing of the first three 
dipole and one quadrupole prototypes in the end of 2008 [9], [10]. For SIS 300 so far 
dipoles similar to the RHIC arc dipole [11] are foreseen. These magnets are of the cos(θ) 
type and use Rutherford cables with NbTi as superconductor in the coil. Figure 1.3 shows the 
schematic view of the cross section of the SIS 100/300 ring as well as the corresponding 
dipoles. 
 




1.3 Magnet Materials 
Besides superconducting (sc) magnets also warm (room temperature) magnets will partly be 
used at FAIR. Therefore room temperature and low temperature properties of all materials 
are of importance. However, the focus of this thesis lies in the radiation hardness of 
superconducting magnet insulators and some technical components, based on material-
analytic and performance characterization. 
Superconducting magnets usually are composed of a variety of construction materials [12], 
such as: 
 
 -the superconductor itself, for example: NbTi, Nb3Sn (coil wires) 
 -the stabilizer of the superconductor: Cu, Ag 
 -the solder which connects the sc strand and the stabilizer 
 -steel conduit for the liquid helium coolant and mechanical support of the coil 
-the electrical insulation typically consisting of fiber reinforced resin thick enough to  
 withstand the turn to turn ground voltages 
 -the superinsulation used for reducing heat losses 
 -various electronics and cabling, e.g. temperature sensors, quench detection and  
  protection [13] 
 
Basic design rules usually include careful application of material, electrical, and cryogenic 
science. The most important factor is matching the thermal expansion of all materials used, 
in order to guarantee tolerable stress limits followed by tightness against hydraulic and 
electrical leaks [14]. The electrical leak tightness is a very crucial point since vacuum 
flashovers can cause tremendous damage because of the high amount of stored energy and 
their discharge power [15]. 
Obviously the properties of the materials used should be well characterized and their long 
term stability should be predictable. In the special case of accelerator institutes (like Conseil 
Européen pour la Recherche Nucléaire (CERN), GSI) or magnets for fusion (for example 
International Thermonuclear Experimental Reactor (ITER) [16], [17]) not only the pristine 
material properties are of concern but also the radiation hardness of various components 
(digital cameras, temperature sensors) and magnet materials, including insulators and 
superconducting alloys. 
Since effects in superconducting materials were part of a different PhD thesis [18], the focus 
in this thesis lies in the radiation damage of insulators such as polyimide (Kapton HN, Du 
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Pont de Nemours, Kaneka Texas), glass-fiber/plastic composites (G11-type, Isovolta AG, 
Gatex GmbH), specially glued polyimide joints (Pixeo/Apical, Kaneka Texas), Cernox HN 
temperature sensors as well as impregnated glass-fiber/plastic voltage breakers as described 
in the following chapter. Critical material properties such as dielectric strength and thermal 
properties at low temperature were measured as crucial material properties for the later 
application. 
1.4 FAIR Relevant Materials 
Glass-fiber reinforced plastics (GFRP´s) 
Glass-fiber reinforced plastics, mainly used as structural support of the superconducting coil, 
may also act as electrical insulation. 
 
Epoxy/glass-fiber composites 
Glass-fiber reinforced plastics (GFRP´s) are composite materials consisting of a woven glass-
fiber support surrounded by a matrix of polymer. The material properties of such composites 
are significantly influenced by (i) the properties of the fiber (ii) the matrix polymer and (iii) 
the interface between fiber and matrix [19]. The fiber, usually more strong in tensile 
strength, hereby reinforces an elastic polymer. Such composite systems try to combine the 
properties of both materials [20]. Due to the variation of fillers and matrices different 
material properties can dominate the composite. A full review about the influence of fillers 
and matrices is not the scope of this chapter but some properties of the composite systems 
used within this study shall be briefly introduced. 
In Table 1.2 the properties of two types of glass fibers namely E-glass and S2-glass are 
summarized, whereas in Table 1.3 the different chemical compositions are contrasted [21], 
[22]. Next to glass-fibers, a broad range of products is found, to reinforce 
polyepoxy/cyanatester matrices. In this way, for example, the mechanical properties, thermal 
properties and temperature expansion can be tailored over a wide range [23], [24]. 




fracture / % 




E-glass 2.5-2.6 4.8 0.8 1-1.3 
S2-glass 2.45 5.5 0.8 1.3-1.4 
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Table 1.3 Compounds used for glass fiber synthesis and their content in E- and S2-glass fibers 
Compound Content in % for E-glass Content in % for S2-glass 
SiO2 53-55 64-66 
Al2O3 14-15 24-25 
B2O3 6-8 ---- 
CaO 17-22 0-0.1 
MgO <5 9.5-10 
K2O/Na2O <1 0-0.2 
other oxides ~1 <1 
 
One GFRP widely used for superconducting magnets is named “G11CR” in which CR stands 
for cryogenic. This name is used in cryogenic engineering as it describes a standard but in 
fact is a trade-name for a specific material introduced by Monsanto Company. “G11” is a 
standard for industrial laminating thermosetting products given by the American National 
Electrical Manufacturers Association (NEMA LI1). The European standards which meets the 
American G11 standard is for example the EPGC308 standard given by the European Norm 
(EN 60893) were EP stands for epoxy resin systems and GC for glass clothing (woven glass 
fiber matrices). Some important properties of the composite tested in this study Gx_11.3303 
Isoval HKB (G11/EPGC306/308) provided by Gatex GmbH are given by the manufacturer 
datasheet: 
 
Table 1.4 Material properties of Gx_11.3303 composite (G11-type GFRP) Gatex GmbH 




Thermal conductivity DIN 52612 
(W/mK) 
Gx_11.3303 1.7-1.9 40 0.3 
 
In general the matrices of these composites are made of an epoxy resin which contains one or 
more epoxy groups per molecule (see Fig. 1.4). This reactive side-group is used to crosslink 
the material with a curing agent to create a thermosetting material. Due to the high reactivity 
of the epoxy group many different curing agents with versatile properties can be used. 
Because of their good wettability these thermosetting materials are suitable for bonding, 
casting, and laminating allowing application as surface protection, adhesive, and matrix for 
composite materials. The reasonable ease of manufacturing at room temperature and 
ambient atmosphere and especially the price of the products (~5-10 €/kg) distinguishes the 
polymer system from other high performance polymers such as polyaramides (KevlarTM) and 
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polyimides (KaptonTM). The first report about phenolic polyepoxides was published in 1934 
by P. Schlack from “IG Farben” and still today most of the epoxy resins used in industry are 
phenolic epoxies’ for example on the basis of epichlorohydrin and bisphenol. Typical curing 
agents include cyclic anhydrides of di- or tetra-carboxylic acids, aliphatic di- or polyamines, 
polymercaptanes and di-cyanides. Fig. 1.4 shows the typical curing mechanism of epoxy 
resins with an amine curing agent used in this study to synthesize thin foils of polyepoxy 
matrix in order to analyze the ion induced degradation of the polymer matrix without fibers. 
The curing follows an easy mechanism: The amine attacks as nucleophile the sterically less 
hindered carbon atom of the epoxy. In this way a secondary amine as well as a hydroxyl 
group is formed. This secondary amine is more reactive than a primary amine and able to 
add a second epoxy. Less favored as last reaction, the hydroxyl-group itself can add an epoxy. 




Cyanatester matrices for composites are increasingly used in many high performance 
applications in electronics and aerospace applications. They exhibit good mechanical, 
electrical and thermal properties over a wide temperature range as well as high performance 
in other important fields such as low humidity uptake [28]. There exists a broad variety of 
different cyanatesters bearing different chemical structures and different properties. A 
popular candidate often used is Bisphenol A Dicyanat (BADCY) which is commonly 
homopolymerized by applying high temperature (Fig. 1.5), [29]. It was proved that 
cyanatester composites show enhanced radiation hardness against ionizing radiation such as 
gamma and a combination of gammas and neutrons (“reactor irradiation”) compared to 
classical epoxy systems even if they were blended with epoxy to reduce production costs 
[30], [31], [32]. In 2009 commercialization of these products started for their application in 
superconducting magnets by Composite Technology Development, Inc. (CTD), [33]. 
In this thesis a hot pressed cyanatester/epoxy/S-glass prepreg from Isovolta AG was used to 
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Fig. 1.5 Chemical structure of the monomer BADCY and the possible reaction path during 















Radiation hardness of glass-fiber reinforced plastics 
 
There are extensive studies about radiation damage of GFRP`s mainly started in the 1980´s 
because of the start of bigger fusion projects like ITER and the building of high power ion 
accelerators such as CERN. However the broad variety of different composite types and the 
large number of material properties to be tested makes direct comparisons difficult. This 
chapter will summarize some important issues and discuss results available in the literature.  
Most studies on radiation hardness of insulators for superconducting materials focus on 
changes in mechanical properties induced by radiation, where the type of radiation used in 
most cases is gamma or neutron radiation or a mixture of both (reactor radiation). To our 
knowledge there are only a few studies dealing with ion-radiation induced changes in 
dielectric strength and thermal properties of such materials ([35], [36]) and no study so far 
has dealt with heavy ion induced changes on macroscopic material properties of GFRP´s. 
Within glass-fiber reinforced plastics, mainly the type of fiber and type of used polymer 
system (resin+curing agent) may be varied followed by fiber loading and addition of filler 
materials. So far many different types of composites have been tested and some trends will 
be summarized briefly: 
 
Influence of composite type 
 
In general aromatic polymers matrices give a more radiation stable composite compared to 
aliphatic systems [37]. Therefore polyimide composites are in principle to favor but in most 
cases not practical due to their poor machining properties as well as difficult manufacturing. 
After polyimide composites, cyanatesters and bismaleimide composites and mixtures of 
cyanatester/epoxy composites have been found to be more radiation stable than pure cured 
epoxy composites [30]. Within epoxy systems usually full aromatic structures (aromatic resin 
cured with an aromatic diamine curing agent) give a better radiation resistance as confirmed 
with G11-type composite (as used in this thesis) compared to G10 which uses the same 
bisphenol resin but an aliphatic curing agent [38]. Secondly the type of epoxy functionality 
influences the radiation hardness and for example tetra-functional epoxy systems (e.g. 
TGDM) are found to perform better compared to tri-functional and bi-functional epoxy [37], 
[39]. 
Still today epoxy systems are widely used because of their overall good performance, 
machinability and their cost. Standard epoxy/E-glass composite may cost ~5-10 €/kg while 
an advanced cyanat ester/S-glass composite can be in the order of 90 €/kg. 
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Composites using boron free glass-fibers 
 
Next to the variety of different properties of different fiber materials [40] several studies 
found that boron in the form of boron oxide present in some types of glass fibers (e.g. E-
glass) undergoes a nuclear reaction due to neutron capture and α-decay (10B(n, α)7Li). This 
α-decay damages the interface between polymer matrix and fiber causing an enhanced 
sensitivity of these composites to radiation [41], [42]. In cases were radiation induced 
debonding or delamination takes place, S-glass (being free of boron oxide) is found to show 
less debonding giving those composites greater radiation hardness together with their better 
fundamental strength [43]. It should be noted that in some studies this effect is found to 
have only minor importance leaving an unclear picture of this effect [38]. 
 
Influence of irradiation temperature 
 
Irradiation campaigns have been performed at low temperatures such as 4.2 K (liquid 
helium), 77 K (liquid nitrogen), and at room temperature. At low temperatures, radiation 
induced outgassing of radiolytic degradation products are known to be trapped and 
accumulate inside composite materials. Produced radicals show different lifetimes and 
diffusion properties at low temperature. Therefore some studies on the influence of 
irradiation temperature on the radiation induced changes of mechanical properties were 
performed. They show that the irradiation temperature has only minor effects on the 
degradation behavior [44], [45] even so the material itself initially exhibits enhanced 
properties when tested at low temperatures. Because of this, most irradiation experiments 
within this study (see chapter 4) were performed at room temperature to simplify 
experimental set ups. In some cases were low temperatures were mandatory (e.g. outgassing 
studies at low temperature) irradiation experiments at cryogenic temperature were carried 
out. It should be noted that in the case of swift heavy ion (SHI) irradiation of polyethylene 
(PE) low irradiation temperatures were found to increase the production yield of special 
radiolytically synthesized chemical compounds (e.g. alkynes). This result was assigned to a 
greater creation time of SHI induced defects compared with the diffusion time of mobile 







Influence of radiation type 
 
Depending on the type of application in FAIR components, composite materials will be 
exposed to different types of irradiations or irradiation spectra. Radiation hardness tests 
therefore should be performed close to real conditions. In the case of glass-fiber reinforced 
plastics it is found, that the type of radiation (gamma, electrons and neutrons) has no 
significant influence on material property degradation [44]. This result is different for 
polymers where fast neutrons degrade some polymers faster than gamma radiation from a 
Co60-source [47]. 
No comparative study so far exists for high-energy heavy ions. For FAIR, at which heavy 
fragments are expected to contribute to the radiation spectrum, comparative tests are 
indispensable, because it is known for many material classes (e.g. polymers, magnetic alloys) 
and biological systems, that the type of radiation and its energy deposition can have crucial 






Polyimides are an important class of polymers because of their outstanding properties such as 
high dielectric strength, mechanical stability 
and resistance against temperature, radiation 
and many solvents [51]. Especially aromatic 
polyimides are applied in high temperature 
and radiation environments such as accelerator 
magnets or space research. Polyimide type 
polymers are commercially available in many 
different industrial forms such as films, cable insulations and powders. Polyimides can be 
synthesized out of a great variety of monomers and different synthesizing methods and 
strategies [52]. This chapter will focus on Kapton type polyimide (KaptonTM HN, ApicalTM 
AV), which is widely used as insulation in accelerator magnets (structure shown in Fig. 1.6). 
Kapton is a trademark for the first commercially available film which was introduced by Du 
Pont in the late 1960´s. It is synthesized in a two-step process via polyamic acids (Fig. 1.7). 
In the first step a polyamic acid is synthesized via the reaction of a diamine and a 
 




dianhydrate in a dipolar approtic solvent. The polyamic acid serves as a soluble polymer 
precursor which in the second step is thermally cyclized. 
In the case of Kapton and Apical AV the used monomers are pyromellit dianhydride (PMDA) 
and 4,4’- diaminodiphenylether forming pyromellitimide. Kapton HN from Du Pont de 
Nemours and Apical AV from Kaneka Texas exhibit the same chemically structure and quite 


























Fig. 1.7 Synthesis of Kapton-type polyimide  
 
 
Table 1.5 Material properties of Kapton HN and Apical AV type polyimide 







Kapton HN 231 240 0.12 1.42 





Radiation hardness of polyimide 
 
This chapter summarizes the main results concerning radiation induced changes of material 
properties of polyimide relevant to magnet design, such as mechanical and dielectric strength 
and thermal properties. Radiation induced effects on the chemical structure will be discussed 
in chapter 5.1 together with the results of this thesis. 
Polyimides are prominent candidates for magnet insulators in radiation environment such as 
accelerators or fusion magnets [53]. With a focus on low temperature and room temperature 
irradiation/testing it has been found that polyimides such as Kapton are about 5 times more 
radiation hard compared to classical epoxy systems and lose about 40 % of their mechanical 
strength at about 100 MGy of gamma radiation [54]. In the case of gamma and neutron 
irradiation, a decrease in mechanical properties takes place at lower doses than changes in 
electrical properties [55]. Electrical strength after irradiation is often found to decrease 
whereas electrical properties such as conductivity and dielectric constant are found to be 
increased [56]. In the special case of ion irradiation this loss of mechanical properties is 
accelerated [57], [58] and the increase in electrical conductivity is found to be dependent on 
the stopping power of the used ion [50], [59]. In the work of D. Severin [58] a dose limit for 
heavy ions is given at about 1 MGy whereas about 100 MGy for gamma radiation is 
postulated [60]. The effects on the electrical conductivity of polyimide are found to be 
remarkably sensitive to heavy ions. Thus the postulate, that mechanical properties are 
decreased before any electrical properties change is not valid anymore and motivates the 
measurements on the dielectric strength in chapter 5.1. Concerning thermal properties at low 
temperatures no study has so far treated radiation induced changes of polyimides or other 
polymers. Since this is a critical point for design criteria first measurements were conducted 




1.5 FAIR Relevant Technical Components
 
Additionally to the explorations of ion induced changes in polymers and glass
reinforced plastics, the performance of some accelerator components were tested according
to their technical performance after radiation exposure. Since these accelerator components 
do not belong to a certain class of the previous described materials their 
usage in accelerator magnets is described briefly.
 
Axial insulation breaks (“Voltage breaker”)
 
Axial insulation breaks are needed to 
ground potential of the winding of each magnet. The position o
the SIS 100 FAIR prototype magnet is shown in 
guarantee leak tightness against the
voltage of the coil (several kV).
 






insulate all cryogenic supply lines which are on the 
f the voltage breaker inside 
Fig. 1.8. The insulation breaks have to 
 liquid helium inside as well as withstanding the high 
 
 100 dipole prototype (left) and the axial insulation break 







The foreseen voltage breakers of the SIS 100 FAIR magnets consist of two stainless steel 
tubes which are surrounded by a G11-type glass-fiber reinforced plastic (indicated in the 
technical drawing, Fig. 1.9). The manufacturing process is a filament winding technique 
which is followed by a special sealing with a polymer coating. This sealing guarantees 
tightness against the leakage of liquid helium but is also a weak link regarding the radiation 
damage. G11-type GFRP is used because via the fiber content its thermal expansion can 
easily be controlled to match the thermal expansion of the used stainless steel tubes [14]. 
 
Fig. 1.9 Scheme and composition of the axial insulation break (left) and 3D drawing (right) 
 
The composition of the polymer coating is not revealed by the producing company. 
Therefore, the voltage breaker was tested against ion radiation damage by means of testing 
the leak-tightness of helium gas at room temperature (RT) and cryogenic temperatures as 
well as after thermal cycling between these. 
 
CernoxTM temperature sensor 
 
CernoxTM temperature sensors belong to the class of semiconducting resistance thermometers 
which are useful low temperature sensors because of their negative temperature coefficient 
of resistance [61]. Usually they are oxynitride thin films (for example from zirconium) which 
are sputtered onto a sapphire substrate [62], [63], [64]. They are a popular choice to be 
used within superconducting magnets because of their good long term stability and low 
magnetic field induced error, compared to, for example, carbon glass sensors (which at low 
temperature have a higher sensitivity compared to CernoxTM). Regarding the radiation 
resistance, oxynitrides are expected to be radiation hard because of their inorganic structure 
and were successfully tested against gamma radiation of up to 1 MGy [65]. So far no data 
exist on ion irradiated CernoxTM. Tests on this material are described in chapter 4.4. 
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Pixeo glued polyimide specimen 
 
In some parts of the SIS 100 sc magnets, polyimide insulation is foreseen to be fixed with 
specially designed polyimide glue (namely PixeoTM provided by Kaneka Texas). This glue 
belongs to the chemically attaching glues being a kind of uncured polyimide which is cured 
under high pressures at about 300°C in a polycondensation-reaction. Two layers of polyimide 
insulation can be attached in this way via a thermal process. In order to investigate the 
irradiation hardness of this glue connection, special peel test specimen provided by Kaneka 
Texas Company were irradiated and subsequently analysed by the company. In literature so 
far only some epoxy resins and classical glues were tested against gamma radiation and 
found to be sensitive to irradiation [66]. Since polyimide is known to be rather radiation 







1.6 Dose Estimations for the Superconducting Coil of FAIR Magnets 
In order to estimate which particle spectra will hit the magnet coil, detailed calculations were 
performed using the SHIELD code [67]. This Monte Carlo code can be used to simulate how 
energetic charged particles are transported through condensed matter and which secondary 
particles are created along their trajectory taking into account nuclear reactions. The most 
prominent case of beam losses expected at FAIR is due to ions which lose one electron and 
thereby lose a stable orbit. They hit the stainless steel beam tube and induce a secondary 
spectrum of different ions, protons and neutrons. The fragmentation is in principle isotropic, 
using the producing ion as inertial frame, but, choosing the magnet coil as laboratory frame, 
have a preference in the forward direction of the beam. Figure Fig. 1.10 shows the energy 
spectrum of different fragmented nuclei which are produced when one 1 GeV/u uranium ion 
hits the beam tube under grazing incidence of about 1° (17 mrad) taken from [68]. 
 
Fig. 1.10 Energy spectra of different fragmented nuclei which hit the closest superconducting 
wire [68]. 
The most prominent fragments in the energy regime >3 MeV/u are neutrons and protons. 
Heavy ions with atomic number Z>6 are about 0.1 % of the fragments produced (particles 
having lower energies than 3 MeV/u are neglected in Fig. 1.10 because of their low 
penetration depth they do not reach the superconducting coil). Because of the different 
penetration depths and stopping powers of the different particles the dose absorbed by the 
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magnet coil components is strongly dependent on the geometrical position of the “target” 
and the angle of lost beam. 
The influence of the “sample/target position” is indicated in Fig. 1.11 showing the dose 
introduced by one uranium ion of 1 GeV/u which is lost at an angle of 1° grazing incidence to 
the beam tube. The calculation was performed for three slices of “target” each 2 mm thick 
and consisting of G11-type GFRP positioned one behind the other, as indicated in the 
scheme. The result clearly demonstrates that the first 2 mm of G11 (Pos. 1) will absorb a 
dose about an order of magnitude higher than the last 2 mm (Pos. 3). 
 
Fig. 1.11 Results of dose simulation for G11-type composite samples at different positions. 
Calculations are performed for 1 GeV/u uranium ions lost under an angle of about 1°. 
Exploring the contribution of different particles (i.e. light and heavy fragments) on the 
absorbed dose we performed calculations using different beam loss angles and thicknesses of 
polyimide and G11-type GFRP as target. The results are summarized in Table 1.6. For the 
expected case of beam losses having an angle of about 1° the results demonstrate that heavy 
ions, having a Z>6 induce ~76.5 % of the dose in the first layer (~20 µm) of the insulation. 
However, in the first 2 mm of the coil only 55 % of the dose is created by heavy fragments. 
Concerning the beam loss angle it is found, that a higher beam loss angles (2.8° instead of 1°) 
increase the deposited dose into the magnet coil by a factor of ~3.6. For a beam loss angle of 
4° the greatest amount of dose is deposited by the primary ions (54 %) which are not stopped 
in the beamtube. The results of the latter calculation are not presented because of its 
improbability in the later application. 
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Table 1.6 Results of the SHIELD simulation of the secondary radiation field of the 
superconducting magnet coil for different angles of beam loss. Calculations were performed for 
1 GeV/u uranium-ions irradiation of stainless steel 
Angle of beam loss: 1° 
Polyimide (20 µm thick) G11 (2 mm thick) 
Type of 
particle 










Protons 1.4×10-9 8.3 Protons 1.1×10-9 17.1 
Z=2-6 2.3×10-9 13.6 Z=2-6 1.65×10-9 25.7 
Z=6-90 1.3×10-8 76.5 Z=6-90 3.5×10-9 54.5 
      
Angle of beam loss: 2.8° 
Polyimide (20 µm thick) G11 (2 mm thick) 
Type of 
particle 










Protons 1.5×10-9 3.5 Protons 1.2×10-9 5,1 
Z=2-6 2.6×10-9 6 Z=2-6 1.9×10-9 8.1 
Z=6-90 3.9×10-8 90 Z=6-90 2×10-8 86 
 
 
This means that every material in the magnet coil, each of which exhibit different levels of 
sensitivity towards radiation damage, will absorb a different amount of dose caused by 
different particle spectra. This mirrors the challenge of giving a true lifetime expectation of 
the magnet coil, also keeping in mind that different types of radiation show different 
efficiencies in producing radiation damage, and that most of the numbers needed for 
simulations or calculations are not available. To better understand ion induced changes of 
material properties the following two procedures were followed (i) directly exposing samples 
to ion beams of different energy losses and (ii) performed irradiations close to the future 
situation at FAIR by mounting the samples behind a steel target. By bombardment of this 





2 Interaction Between Energetic Charged Particles 
and Solid Matter 
2.1 Energy Loss and Range of Ions 
 
When passing through condensed matter, charged energetic particles with a kinetic energy of 
several MeV/u lose their kinetic energy mainly via two processes (i) the nuclear energy loss 
and (ii) the electronic energy loss. 
 






The interaction cross section is a function of energy. In the case of (i) low energy particles 
(E<0.01 MeV/u), elastic collisions dominate (nuclear energy loss) while at (ii) higher 
energies, electronic excitation and ionization occur. The particles used in irradiation 
experiments within this study are in an energy regime above 1 MeV/u and therefore the 
electronic energy loss is responsible for the induced material changes. Quantitatively the 
electronic energy loss at high energies is described by the so called Bethe-Bloch equation 
[69], [70]: 
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with e being elementary charge, Zeff the equilibrium effective charge of the ion, Zt the atomic 
number of the target atoms, N the density of target atoms, me the electron mass, v the ion 
velocity, β the velocity in the unit of the speed of light and I the ionization energy of the ion 
and δ and U being correction factors inner shell electron contribution and relativistic effects. 
 
Summarizing Equation 2, the electronic energy loss is a function of ion velocity, the atomic 
number of the projectile ions and target atoms and the targets density. These dependences 
are visualized in Fig. 2.1 by SRIM 2010 [71] calculations for different ions with similar 
energy in polyimide and in Fig. 2.2 for one ion energy in different target materials. The non-
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linear behavior of the energy loss should be noted. In contrast to photons which lose their 
energy as a negative exponential function, charged particles show first an increase in energy 
loss rate and later have a maximum at the so called Bragg peak. 



























ion range / µm
 p+ (800 MeV)
 C-ions (800 MeV)
 Xe-ions (800 MeV)
 U-ions (800 MeV)
 
Fig. 2.1 Electronic energy loss of different ions in polyimide versus the ion range calculated with 
SRIM 2010 























ion range / µm
 Xe (26,4 GeV) in stainless steel
 Xe (26,4 GeV) in EPGC308
 Xe (26,4 GeV) in polyimide
 
Fig. 2.2 Electronic energy loss of xenon-ions in different “target”-materials versus the ion range 
calculated using SRIM2010 
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The range of the ions is directly connected to their specific energy loss and the initial energy 
of the particle. Ions of initial energy E0 moving through a solid target material by a distance 
x lose the energy E as follows: 
 
Equation 3   % = %& + ∆%,)*+ℎ	∆% = −  ∆- 
 
The distance in the target material is given by: 
 




The total range R (projected range) of the ion integrated over all energies between E0 and 
zero is given by [72]: 
 




Ion projectiles at such high energies first transfer their energy to the electrons of the target 
[73], [74]. This initiates a cascade of secondary electrons (δ-electrons) which spreads 
radially. The range of δ-electrons depends on various parameters such as the initial ion 
energy and the target density and is analyzed more precise by J. Schou [75]. Thereafter, a 
complex mixture of ionization processes is followed. The dE/dxel is the linear energy transfer 
and does not characterize the local energy density, which depends on the velocity of the ion 
[49]. Fig. 2.3 shows the radial dose distribution deposited by δ-electrons calculated for 
different ions and energies in polyimide according to [76]. The localized energy dissipation is 
responsible for the fact that in most insulators a so called “latent ion track” with a few 
nanometer in diameter is produced. Typically the track is found as a modified region 
characterized by severe material changes. It is shown, that depending on the stopping power, 
different track morphologies appear. At low stopping powers separated damage zones appear 
along the ion trajectory, whereas at higher electronic energy loss the damage zones start to 
percolate creating a homogeneously affected cylinder. In polymeric materials, being more 
sensitive to radiolysis compared to inorganic insulators, these damage zones often show 
drastic changes in physical as well as chemical properties. This latent track is surrounded by 
a shell of less damaged material which in the case of polymers can be in the range of 
hundreds of nanometers [77][78]. 
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Fig. 2.3 Radial dose distributions by δ-electrons of different ions in polyimide. Calculations were 














2.2 Track formation processes 
Even though ion track formation has been studied for many years a full understanding of the 
complex degradation processes still remains to be achieved. The main theoretical models can 
be classified into two groups: 
Coulomb Explosion Model 
Primary ionization processes leave a cloud of ionized atoms while the corresponding δ-
electrons are emitted to farther distance [72]. In a conductive material these electron holes 
are neutralized quickly while in insulators the stored electrostatic energy starts to initiate 
atomic motion and is the driving force for an atomic collision cascade. This mechanism was 
suggested during a time where no tracks were found in metals [79]. After tracks were 
observed in metals many attempts were used to calculate if the electrostatic forces are high 
enough to produce atomic motion in metals [80]. Presently, no Coulomb explosion 
description is available that describes empirical results appropriately or gives sufficient 
predictions. 
Thermal Spike Model 
In the thermal spike model the diffusion of deposited energy is described by heat equations. 
The region of ionization can be envisioned as a narrow cylinder which is rapidly heated to a 
high temperature and quenched again [81]. There are two different thermal spike models 
often used for swift heavy ion induced changes in materials. The inelastic thermal spike 
model (ITSM) and the analytical thermal spike model (ASTM) [82] [83] [84]. The principle 
of both models is similar. The energy is first deposited on the electrons which transfer it to 
the lattice via electron-phonon coupling. The track formation is coupled to a melting of the 
material following by a fast cooling which leads to amorphous phase transformation. Usage 
of this model, first applied to inorganic insulators, has been extended to different materials 
and in the special case of polymers it agrees well with experimental data of ion track radii 









Insulators used in accelerator magnets especially superconducting magnets which operate at 
cryogenic temperatures have to meet various demands [88]: 
 
-They have to give the conductor mechanical support under often high mechanical 
stress in a wide temperature field. 
-Insulating properties such as resistivity and dielectric strength must be sufficient. 
-Thermal conductivity must be high enough to remove losses to a cooled surface. 
-Thermal contraction should fit to other materials such as stainless steel or copper. 
 
Electrical characteristics of an accelerator magnet or especially superconducting magnet are 
of minor interest during regular operation but important during a fast dump or “quench” of 
the magnet. In most cases the strength and reliability of a magnet is controlled by the 
electrical insulation [89]. 
For insulating materials the dielectric strength is an important parameter; it is defined as the 
maximum electrical field which a material can withstand without failure of insulating 
properties. To compare different materials of different thickness the unit is normalized by the 
thickness of the material and given in kV/mm. 
Dielectric breakdown in polymers has been studied for decades and many theories have been 
proposed trying to explain observed phenomena. However, still many problems remain 
unsolved. Summarizing the main theories, the electrical breakdown is characterized by the 
electrical, mechanical and thermal properties of the investigated material as well as its 
chemical structure, manufacturing quality and type of electrode material. In general the 
electrical breakdown is accompanied by the destruction of molecular structure and formation 
of a conductive trails (“treeing”) [90]–[92]. It can be divided into “tree inception” and “tree 
propagation” [93]–[95]. In polymeric high voltage insulations the tree inception time is 
mainly dependent on the conductor (i.e. the electrode or cable core), whereas the tree 
propagation time is dependent on the material properties of the insulator [96]. Depending on 
the type of material and the number of pre-existing defects the formation of a conductive 
path may be slow, but once a percolation path exists the breakdown suddenly appears in an 
abrupt and damaging way. Quick charge movement initiates electrical heating (Joule 
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heating) leading to electrical and thermal damage usually destroying the insulator along its 
path. 
The factors which influence the dielectric strength of materials are versatile and some trends 
important for accelerator magnet design are summarized briefly: 
 
Influence of the insulator thickness or multiple layer insulation 
 
Increasing the insulation thickness is possible in two ways (i) choosing a thicker insulator or 
(ii) multiple winding of an insulator. In both cases the dielectric strength is found to be 
dependent on the thickness in a nonlinear relation [97], [98]. Doubling the thickness of an 
insulator is not doubling the dielectric strength. Empirically it is found that the dielectric 
strength of most insulators is found to be proportional to the specimen thickness to the 
power of 0.5 [99]. The reason is ascribed to the increased probability of having a critical 
defect within the material, starting the tree inception. 
 
Influence of the temperature and environment 
 
Insulators at very low temperatures usually exhibit a higher dielectric strength in the case of 
liquid nitrogen and cryocooling inside a vacuum chamber [100]. Despite this, in liquid 
helium a lower dielectric strength is found [100], [101]. At FAIR the sc magnet insulators 
will be cooled inside a vacuum vessel by stainless steel tubes. The used insulators will 
therefore show a better performance as indicated by room temperature values. 
In addition to the temperature and manufacturing quality, the applied type of test greatly 
influences the result of dielectric strength measurements. In typical dielectric strength 
measurements a voltage is ramped (dV/dt) until breakdown of the sample. For high ramping 
rates usually a higher dielectric strength is found. The reason for this is that during the 
measurement itself the electrical fields degrade the material. At high ramping rates the 
electrical degradation is biased, resulting in a higher observed dielectric strength. 
Tests carried out under DC and AC (60 Hz) conditions at a fixed ramping speed show that for 
most polymers the AC dielectric strength is found to be lower than in the DC case. While 
under DC conditions, it is mainly the space charge formation that guides the breakdown of 
the material, under AC voltage so-called partial discharges additionally degrade the material. 
Standard test methods (ASTM D 149-91) are usually performed under AC conditions while 
the condition inside a ramped magnet follows more the DC case. In this work both types of 
tests were used whenever applicable. 
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Statistical behavior of the dielectric breakdown and Weibull Analysis 
 
Statistical characteristics of insulators are important for lifetime estimations and asset 
management as they are useful tools to evaluate the reliability of a given insulation [102]. 
The breakdown strength of polymeric insulators is found to have a larger dispersion 
compared to liquids or gases [103]. This effect is ascribed to the existence of internal weak 
points in the polymer such as voids or inhomogeneities. One distribution commonly used to 
analyze breakdown strength data is based on a model of weakest links: the so called Weibull 
distribution [104], [105]. The Weibull distribution is one of the extreme value distributions 
without a definite physical implication. In its two parameter form it is written and linearized 
as follows: 
 






























were F is the cumulative distribution function, x for example the breakdown voltage or time 
to breakdown and α and β are fit parameters. α denotes the value at which 63 % of the 
samples fail (characteristic lifetime), and β is the so-called Weibull shape parameter. The 
two variables give information about the spread and type of the distribution and can be used 
to recognize different failure mechanisms. β values <1 are usually associated with an instant 
mortality failure mode which is typical for defects in the manufacturing process. β=1 is the 
special case where the Weibull distribution has the shape of an exponential distribution 
which mirrors a constant failure rate. An explanation for constant failure rates are original 
design inefficiencies, insufficient redundancies or even misuse. β values <1 are typical for 
wearout modes. For β between 1 to 3, scattering in the failure data increases, making failure 
predictions problematic whereas at higher values the failure value becomes more predictable. 








Thermal Properties at Low Temperature 
 
Material properties at low temperature are important for any cryogenic engineering. The 
most important properties of the used insulators of a cryostat are the thermal expansion, the 
thermal conductivity, and the heat capacity. Because of the difficulties of low temperature 
measurement techniques there is only a small amount of data available regarding irradiation 
effects on low temperature properties of polymers and fiber polymer composites. Within this 
work first measurements were carried out concerning ion induced effects on the thermal 
conductivity and heat capacity of polyimide and G11-type epoxy/glass-fiber composite. 
Therefore these quantities are introduced briefly with a special focus on the used material 
class. 
Low temperature thermal conductivity of polymers and fiber/plastic composites 
 
The thermal conductivity of polymers is in general low compared to other materials. For the 
case of electrically non-conductive materials, the thermal conductivity is due to the phonon 
scattering at defects and statistical changes in the polymer´s density [106]. It is denoted as 
follows: 
 
Equation 8    λth=1/3 Cv u Λ 
 
were Cv is the volumetric heat capacity, u the velocity of sound and Λ the phonon mean free 
path. 
For amorphous polymers the mean free path of the phonons is nearly temperature 
independent and is in the order of atomic bond lengths [106]. At very low temperature the 
thermal conductivity of amorphous polymers is proportional to T2, whereas in semi-
crystalline polymers different behaviors are observed [107]–[109][110]. For amorphous 
polymers, in the temperature regime between 2 and 20 K, a plateau region is found 
[111][112]. This plateau region is universal for glassy materials and found for many 
different glasses and polymers [113]. Many different theories have been proposed to explain 
this behavior. One is the explanation of the simultaneous existence of long-range and short-
range correlations [114]. 
Polyimides analyzed within this study show a proportionality to T without an observed 
plateau which is often explained by small crystalline regions within an amorphous matrix of 
the X-ray amorphous polymer [115]. Since radiation is commonly known to induce glass 
formation rather than crystallization it is important to measure the thermal conductivity of 
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irradiated polyimide in order to see whether a plateau is formed or not and if the 
conductivity is increased or decreased. 
 
Thermal conductivity of polymer/glass-fiber composites 
 
Compared to metals, fiber reinforced plastics (FRP´s) have the great advantage of low 
specific weight and low thermal conductivity at a high stiffness. Therefore they are 
commonly used as structural support and thermal insulation in low temperature applications 
such as superconducting magnets. In FRP´s the thermal conductivity is strongly influenced by 
the type of fiber and the fiber arrangements which often results in anisotropy of the 
composite´s thermal conductivity [116]. Overall, epoxy matrices show a lower thermal 
conductivity as compared to mineral-glass, carbon- and polyaramid-fibers over the whole 
temperature range [117]. At room temperature carbon fiber composites show the highest 
value of thermal conductivity whereas reinforcement of glass fibers yields the lowest. At low 
temperature, however, carbon and glass-fiber reinforced plastics show quite similar values. 




Low temperature specific heat of polymers and fiber composites 
 
The specific heat determines how much energy is needed to heat a material to a given 
temperature. To calculate the specific heat, the various excitations that arise during thermal 
energy transfer have to be considered. For crystalline insulators, the most important 
excitations are lattice vibrations. According to the Debye model, a dependence of the specific 
heat with T3 is found. This implies a strong decrease of the specific heat at low temperatures. 
However, disordered or glassy materials, where atoms can “tunnel” between different 
positions, due to small energy differences, an additional contribution is found which follows 
aTn, where a is a constant and n is a value close to one [118]. Disordered insulators therefore 
often show a high specific heat at low temperatures, having a so-called excess specific heat at 
temperatures between 5-20 K. An explanation was found by Kanaya et al. who proved that 
the density of states of polyethylene shows an excess peak which could be explained by 
assuming a tunneling model [116]. The materials analyzed in this study are glassy solids 
(polyimide and glass-fiber reinforced plastics). The Experiments conducted to investigate the 
influence of ion irradiation on low temperature specific heat are discussed in chapter 5.2. 
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3 Material Synthesis and Experimental Methods 
 
3.1 Synthesis of Amine Cured Polyepoxy Films 
Thin cured polyepoxy films were synthesized as follows: The epoxy resin CPR862 (Bis F), 
having 165-173 gram per equivalent of epoxy, was mixed with DETDA (Ciba HY5200, 
Ethacure 100 Curativ, specific weight: 178.28 g/Mol) in a weight ratio of 100:26. The 
solution was stirred for at least one hour and degassed in an ultra sonic bath for about 30 
minutes. 
Following this procedure 2-3 drops of the solution were squeezed between two poly-
propylene plastic sheets which were fixed between two glass plates. To leave some distance 
between the two polypropylene sheets, thin polyimide foils (~25 µm in thickness) were put 
in between as space holders. The “sandwich” was cured at 100°C for 24 hours resulting in 




3.2 UV/Vis Spectroscopy 
UV/Vis spectroscopy measures the absorption of electromagnetic waves of a sample in the 
ultraviolet to the visible light regime (typically between 190 and 900 nm). In this energy 
regime the valence electrons of molecules are excited into higher states. It is used to quantify 
and identify molecules and gives information about the absorption edge and band gap of a 
material. In organic molecules typical absorption bands and their characteristic excitation 
wavelengths can be classified with respect to the contributing molecular orbital. They are 








Table 3.1 Absorption of typical organic chromophores (isolated) 




C-H σ→σ* CH4 122 
C-C σ→σ* C2H6 135 
-O- n→σ* H2O 167 
-O- n→σ* H3C-OH 183 
C꞊C π→π* C2H4 165 
C꞊O n→π* C2H4O 293 
C꞊O π→π* C3H6O 187 
C꞊O n→π* C3H6O 273 
 
In case of hyperconjugation of olefins or polyenes a bathochromic shift of the absorption is 
found. With increasing conjugated chain length the difference in energy between the highest 
occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) of 
the π→π* absorption decreases. 
For polymers the HOMO/LUMO band gap is comparable to the valence and conduction band 
in semiconductors. Thin films of polyimide show 4 absorptions having their maxima at 218, 
276, 334 and 378 nm [119], whereas thick films (>1 µm) show only one broad transition 
from total absorbance in the UV at wavelength <450 nm to high transmittance (80 % in the 
case of 12 µm thick films) at wavelength >550 nm [120][58]. 
In ion-irradiation studies the UV/Vis spectroscopy is commonly used as an analytical tool to 
follow the ion induced formation of carbon clusters [121][122] which causes the coloration 
of the material. 
In this work, UV/Vis absorption measurements were performed in transmission configuration 




3.3 Infrared Spectroscopy 
Electromagnetic radiation interacts with molecules having a natural or induced dipole 
moment. In the infrared regime the transferred energy excites vibrations and rotations of the 
molecule and the chemical bonds. In the infrared absorbance spectra of solid matter, 
rotational modes can be neglected because molecular groups are hindered to rotate freely 
and vibrational bands dominate. The number of possible vibration modes of a molecule 
depends on the number of atoms (N), its shape, and its degrees of freedom (3N-6 normal 
modes for nonlinear molecules). For polymer molecules consisting of thousands of atoms, 
spectra might be expected to be extremely complicated. Due to the nature of repeating 
monomer units being chemically equal this is not the case and spectra are usually not more 
complicated than organic molecules having a structure similar to the repeating unit [123]. 
The frequency of absorbance bands is connected to the atoms, the type (strength) of bonds 
and the environment of the vibrating bonds. The latter case is called molecular interaction 
and describes the influence between neighboring molecules. 
The several absorption bands found for different functional groups in organic molecules are 
classified in so called group vibrations and are used for identification of organic molecules 
and their structure. Common absorption bands in the mid-IR (45~4000-400 cm-1) relevant for 
this work are briefly summarized in Table 3.2 according to the literature [124]. It should be 
noted that the wavenumber regime <1500 cm-1 is called fingerprint region because many 
functional groups show their skeletal vibrations. 
 
Table 3.2 Overview of some functional groups and their typical IR absorption bands 
Wavenumber region of absorption band/ cm-1 Functional group 
3600-2800 -OH 
3400-3200 -CH 
3050-3150 unsaturated -CH 
2960-2700 saturated -CH 
2280-2100 triple bond 
1800-1700 carbonyls 
1700-1600 carbon double bonds 
<1500 finger print region 
 
Usually the analysis of the fingerprint region cannot be interpreted as precisely as the region 
above 1500 cm-1 due to strong overlapping of various absorption bands, but can often be 
useful for comparative analysis for substance analysis. 
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Suppression of Background Undulations 
 
In the case of IR measurements in transmission geometry, background undulations can 
emerge and may disturb appropriate analysis of data (Fig. 3.1, black line in marked box). 
These undulations are caused by interferences of light reflected at the two surfaces of the 
sample. Suppression of these undulations can be performed via tilting the sample into the 
Brewster angle and using a polarized beam. The polarization of a reflected beam has its 
maximum at the Brewster angle interference effects are suppressed using an appropriate 
polarized IR beam (Fig. 3.1, red line). A typical polarizer in IR measurements is Grid-
polarizer made of an IR transparent material such as CaF2 or ZnSe sputter-coated with an 
aluminum or gold-grid. 













 polarizer and brewster angle
 
Fig. 3.1 Infrared spectrum of polyimide under standard geometry (black line) and spectrum 
using a polarized beam and Brewster´s angle 
 
Attenuated Total Reflection Spectroscopy 
 
The Attenuated Total Reflection (ATR) spectroscopy belongs to the reflection methods used 
in IR spectroscopy. Its usage is (i) to analyze the surfaces of samples or (ii) to measure 
powders and liquids without special preparation techniques such as nujol mule, pressing a 
KBr pellet or usage of a cuvette. 
ATR-IR spectroscopy is based on the total reflection at the interface of a non IR absorbing 
material with high refractive index and a material having lower refractive index. Surface 
plasmons are created with wave front perpendicular to the surface of the reflecting plane. 
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When the material with light refractive index shows IR absorption, this wave is absorbed and 
the total reflection shows attenuation [125]. In this way, IR absorption spectra provide 
information from the surface of the sample. The penetration depth of IR-radiation in 
polymers is typically in the range of a few micrometers. The intensities in ATR are strongly 
dependent on the measured material. The quality of the spectra depends on its refractive 
index and the surface contact area between sample and the ATR-material. Glass-fiber 
composite materials cannot be studied using infrared spectroscopy in transmission mode due 
to the strong infrared absorption of the glass fiber and its large thickness. To access beam-
induced changes of the polyepoxy matrix thin polyepoxy foils were synthesized. However, 
the glass-fibers of a composite may influence the degradation behavior of the composite´s 
polymeric matrix. To compare ion beam induced changes in the chemical structure of the 
matrix with and without fibers, the ATR-FT-IR spectroscopy was used to verify the results 










IR Spectra of the Used Materials 
 
Polyimide: 
Fig. 3.2 shows the IR spectrum of non-irradiated Kapton H type (PMDA-ODA) polyimide. 
















Fig. 3.2 Infrared spectrum of 12 µm Kapton-type polyimide in transmission geometry 
 
In the wavenumber regime between 3750-3000 cm-1 several weak bands are found which are 
interpreted as O-H (3700-3500 cm-1) and N-H stretching (3500-3300 cm-1) bands from non-
reacted amines and/or polyamic acids as well as the more intense C-H stretching modes 
(3300-3000 cm-1) derived from the aromatic hydrocarbons. In the lower wavenumber region 
the first two intense peaks appear at 1776 and 1726 cm-1. Both bands are assigned to the 
carbonyl group stretching vibration. The splitting into two bands, where the first band always 
show a lower intensity, is typical for carbonyls within cyclic imides and cyclic anhydrides and 
is explained in terms of an in-phase and out-of-phase coupling between the two carbonyls in 
the ring [126]. Isoimides which are a side product of the cyclization of polyamic acids show a 
carbonyl absorption in the range between 1820-1795 cm-1 [127]. In our spectra no significant 
amount of an isoimide band is found. In the case of crystalline polyimides a splitting of each 
carbonyl bands into two bands often occurs, which allows the argumentation that in the case 
of Kapton-type polyimide no significant amount of crystalline fraction is present due to the 
absence of this second splitting [128]. In the regime of lower wavelength, various bands are 
found and assigned to the double bond vibrations of the phenyl rings (1625-1400 cm-1) as 
well as vibrations belonging to carbon-nitrogen bonds of the imide ring (1119 cm-1) and the 
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aromatic ether vibrations (1380-1300). Spectral assignments are briefly summarized in Table 
3.3 and done according to the literature [119], [128]–[133][134]. It should be noted that 
assignments in the fingerprint region (<1500 cm-1) are difficult and can be misinterpreted 
due to overlapping of bands. 
 
Table 3.3 Tentative assignments of the absorption bands of polyimide 




3094 ν(CH) arom. 
3065 ν(CH) arom. 
3036 ν(CH) arom. 
1776 ν(C꞊O) in-phase 
1726 ν(C꞊O) out-of-phase 
1601 ν C6H5 
1585 ν C6H5 
1504 ν C6H5 
1455 ν C6H5 
1382 ν(CN)(OC)2NC 
1305 ν C6H5 
1284 ring stretching arom. ether 
1245 νas (COC) arom. ether 
1187 ν C6H5 
1166 ν C6H5 
1119 imide (OC)2NC 
1094 imide (OC)2NC 
1013 ν 1,2,4,5-C6H2 
884 (γ 1,2,4,5-C6H2)(*) 
821 (γ 1,2,4,5-C6H2)(*) 
752 (δ imide ring)(*) 
726 ν C6H5 
704 (δ imide ring)(*) 
634 ν C6H5 
605 ν C6H5 
567 (δ imide ring)(*) 
518 (δ imide ring)(*) 
426 ν (amide) polyamic acid* 
   (*)=probative assignments 
 
Amine cured polyepoxy 
 
Fig. 3.3 shows the infrared spectrum of amine cured polyepoxy obtained as described in 
chapter 3.1. The spectrum shows in the high wavenumber regime two strong and broad 
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absorptions of the alcoholic hydroxyl groups (3600-3100 cm-1) as well as weak and strong 
symmetric and antisymmetric vibrations of aromatic (>3000 cm-1) and aliphatic (<3000) C-
H bonds, respectively. The bands above 3000 cm-1 probably suffer some interference due to 
the methylene stretching of left over oxirane rings (uncured epoxy starting material) [135]. 
In any case, these bands show weak signal intensities and are not used for further 
analysis/interpretation. In the regime 1700-800 cm-1 several strong absorption bands appear. 
The bands between 1680-1509 cm-1 are assigned to the vibrations deriving from the aromatic 
double bonds and probably contribution from carbon-nitrogen bond vibrations. The band at 
1452 cm-1 is assigned as a deformation of aliphatic methylene whereas bands at 1242 and 
1113 cm-1 are ascribed as the asymmetric C-O-C vibrations of the aromatic ether linkage. The 
band at 821 cm-1 may be interpreted as deformation of the aromatic ring or the oxirane ring. 
Distinguishing between these two bands is not possible, but after the curing procedure only a 
small amount of left over epoxy is expected because of the extent of curing agent. 
Assignments are summarized in Table 3.4 and were performed according to the literature 
[135]–[141]. 













 IR spectra of polyepoxy
 






Table 3.4 IR absorption band assignments of amine cured polyepoxy foils 
wavenumber / cm-1 tentative assignment 
3585 ν(OH) 
3385 ν(OH) 
3099 ν(CH) arom. 
3060 ν(CH) arom. 
3029 ν(CH) arom. 
2961 ν(CH) aliphatic 
2928 ν(CH) aliphatic 
2872 ν(CH) aliphatic 
1610 ν C6H5 
1585 ν C6H5, (CNC) 
1509 ν C6H5 
1452 δ(CH) aliphatic 
1242 νas(COC) arom. ether 
1113 νas(COC) arom. ether 
821 δ(CH) bisphenyl (terminal epoxy) 
ATR-IR Spectra of G11-Type Epoxy/Fiber Composite 
 
Fig. 3.4 shows the obtained ATR spectrum of glass-fiber reinforced polyepoxy of the G11-type 
used in this study. The spectrum is shown without wavenumber intensity correction (such as 
Kramer-König) which is commonly used to correct the fact that absorption intensities of ATR 
spectra have a wavenumber dependence which comes mainly from the difference in 
refractive indices between the ATR crystal and the analyte. Since radiation may change the 
refractive index as well as the chemical structure (and other properties) no correction was 
included. 
















 ATR-IR: G11 type epoxy/fiber composite
 
Fig. 3.4 ATR-IR spectrum of G11-type glass-fiber reinforced plastic 
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The spectrum shows similar features as the synthesized cured polyepoxy films measured in 
transmission. However, some differences are found. At high wavenumbers only one broad 
hydroxyl absorption band is found at 3422 cm-1 (in the case of cured polyepoxy films two 
absorption bands were found at 3585 and 3385 cm-1). The reason for this may be a different 
amine hardener concentration in the synthesis-protocol as well as usage of different 
temperatures (which are company secrets). Given by the three main reactions of epoxy 
curing with amine hardeners (see page 8) this could mean that in the case of synthesized 
epoxy, some non-reacted secondary amine hydroxyl groups are present while in the case of 
the commercial composite the curing reaction is complete. The next difference is found in a 
variety of additional bands at 1739, 1293, 1180, 1036, 940, 755 and 562 cm-1. These bands 
are assigned to the coupling-agents which are typically added for better adhesion/connection 
between the glass fibers and the polymeric matrix. Typical coupling-agents for glass-fiber 
composites contain silane coupling agents which form covalent bonds with the glass-fiber. 
Therefore most of the mentioned bands originate from carbonyl groups (1739 cm-1), e.g., 
from methacryloxypropyltrimethoxy-silane (MPS) one of the standard coupling agents with 
Si-O-Si vibrations and various hydrocarbon vibrations [142]–[145]. Since the used coupling 
agent is not known a clear assignment is impossible. 
 
Table 3.5 ATR-IR absorption bands of G11-type GFRP and tentative assignments 
wavenumber / cm-1 tentative assignment 
3422 ν(OH) 
3057 ν(CH) arom. 
3035 ν(CH) arom. 
2960 ν(CH) aliphatic 
2924 ν(CH) aliphatic 
2872 ν(CH) aliphatic 
1739 ν(C꞊O) coupling agent (*) 
1606 ν C6H5 
1581 ν C6H5, (CNC) 
1507 ν C6H5 
1457 δ(CH) aliphatic 
1293 coupling agent (*) 
1234 νas(COC) arom. ether 
1180 ν (SiOSi) coupling agent (*) 
1113 νas(COC) arom. ether 
1036 ν
 
(SiOSi) coupling agent (*) 
940 coupling agent (*) 
824 δ(CH) bisphenyl (terminal epoxy) (*) 
755 coupling agent (*) 
562 coupling agent (*) 




















 IR spectrum of polyepoxy in transmission
 ATR-IR spectrum of fiber composite
 
Fig. 3.5 IR spectra of thin cured polyepoxy films measured in transmission mode and 




Ex situ FT-IR: Infrared measurements were performed using a Nicolet FT-IR spectrometer 
(Magna-IR 550 with TGS detector). If not otherwise noted the spectra were collected using 
16 co-added scans with a resolution of 2 cm-1. 
 
In situ FT-IR: A description of the IR set-up used for in situ FT-IR measurements at the M-
Branch can be found in chapter 4.4. 
 
ATR-FT-IR: A single reflection diamond ATR accessory (Specac Ltd., Golden Gate) was used 
to measure IR absorbance of G11-type epoxy/fiber surfaces.  
 
Polarizer: For suppressions of interferences of reflections a KRS 5 Grid polarizer supplied by 
LOT Oriel in Darmstadt was used.   
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3.4 Evolved Gas Analysis (EGA) and Ion Induced Residual Gas Analysis (RGA) 
 
Evolved gas analysis is a technique to follow and determine the formation of volatile species 
during the degradation (e.g. combustion) of materials. It involves several techniques and/or 
coupling of techniques such as Thermal Gravimetry (TG) coupled with IR/MS or Pyrolysis-
GC-MS. EGA is especially applied to determine degradation mechanisms by means of 
analyzing the different reaction pathways semi-quantitatively and qualitatively. The method 
is divided into techniques using continuous mode and intermittent mode. In the first case the 
gaseous sample is directly introduced into the detector system via an interface while in the 
latter case the analyzing species are trapped (for example at low temperature) and after 
accumulation are introduced into the detector system [146]. In this work Thermal 
Gravimetry (TG), coupled with a quadrupole mass spectrometer (QMS), was used to 
determine the decomposition products of non-irradiated and irradiated polyimide, 
qualitatively. Whereas ion induced outgassing was measured in combination with in-situ IR 
spectroscopy (as described in chapter 4.4) to directly analyze the radiolytic gaseous species 
of polyimide and G11-type polyepoxy. 
 
 
Thermal Gravimetry Coupled with Mass Spectrometry 
 
TG analysis measures the weight of a given sample while heating and is a standard 
characterization method of polymers. Coupling this analyzing technique with a mass 
spectrometer introduces the opportunity of following and characterizing the evolved gases 
during each step of the pyrolysis. Both techniques can give useful information about (i) the 
chemical structure of the analyzed sample and (ii) the involved degradation mechanisms. 
This method is commonly used in polymer science to determine the thermal stability of a 
given polymer. Thermal degradation of polymers occurs when the temperature is high 
enough to break primary bonds. Some polymers tend to form back into monomer (chain 
depolymerization or unzipping) while others create a great amount of different degradation 
products (random degradation). Thermal degradation is characterized by the following 




T(d,0): Temperature of initial decomposition. Temperature at which the weight loss starts to 
 become measurable. (The typical value of 5% was used in this study.) 
T(d,1/2) Temperature of half decomposition. In a non isothermal experiment the temperature 
 at which the weight loss reaches 50 % of its final value. 
T(d,max) Temperature of the maximum rate of decomposition. Taken from the derivative of the 
 TG curve. 
E(act,d) The average activation energy of the degradation process. 
 
In TG-MS measurements the combustion gases of the thermal degradation are introduced 
into a mass spectrometer (usually a quadrupole mass spectrometer) for further analysis (see 
Fig. 3.6). Identification of gaseous degradation products in combination with the 
temperature of gas evolution is used to give information about the underlying degradation 
mechanism on a molecular level. Other techniques exist such as coupling with an IR 
spectrometer and/or a gas chromatograph coupled with a mass spectrometer, such as 







Possible atmospheres: N2, O2, He, …
 






Radiation Induced Residual Gas Analysis 
 
Residual gas analysis is a standard tool to follow radiation induced degradation processes in 
organic materials [147]. Usually, for gamma induced degradation a quartz vessel is 
irradiated and the outgassing products are accumulated, later to be injected into a GC-MS or 
other gas analyzing tool which allows identification and quantification of the outgassing 
products [148], [149]. In ion induced degradation studies this is usually not possible due to 
the low penetration depth of the ions, therefore experiments are performed in-situ or on-line 
during the irradiation via a quadrupole mass spectrometer in the irradiation chamber. In 
some cases the irradiated sample is additionally connected to a cryostat to accumulate the 
outgassing products via freezing volatile species at low temperature [58]. Subsequent 
heating allows the separation of different combustion gases in dependence of their boiling 
point under the specific pressure of the chamber. In contrast to the useful opportunity of 
identifying ion induced degradation products the quantification is difficult because of 
interferences due to overlapping mass peaks and the usually unknown pumping speed of the 
system for different gases in different pressure regimes. In cryogenic irradiation experiments, 
for example, the chamber´s gas pressure is dependent on the amount of outgassing analyte. 
However, the boiling point of gases depends on the pressure. This leads to problems with the 
clear separation, since the outgassing of one species will increase the pressure of the chamber 
and other species with a lower boiling temperature will also start to gas out of the material. 
In this thesis ion induced outgassing was therefore used qualitatively. A detailed description 





3.5 Measurements of Thermal Conductivity at Low Temperature
 
The apparatus used to measure the thermal conductivity
method of unidirectional heat flow according to 
prepared fixing the specimen between two 
copper blocks as shown in Fig. 
upper copper block (B in Fig. 
heated via a resistor. The temperature of 
both blocks is measured using silicon 
diodes (T-sensors). This hold
mounted on the cold finger of a Gifford
McMahon refrigerator (see Fig. 
Steady state measurements on 125
polyimide specimen were performed inside
the cryochamber at a pressure of 
2×10-4 Pa and mean temperatures 
between 6 and 100 K. 
Thermal conductivity was measured in “through thickness direction” and calculated using 
equation 9. The thermal gradient applied to measure the thermal condu
range of 1-3 K as shown in Fig. 
via heating the cold finger of the cryostat. After a constant base temperature was reached the 
heater of copper block B was turned on ef
after reaching a steady state the heater of the 
the cooling finger was powered with more voltage to reach the next base temperature.
 
Equation 9:   
 
with λth being the thermal conductivity in W/mK, 
in square meter, l the thickness of the sample in meter and 
gradient in Kelvin. 
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 of polyimide foils is based on the 
reference [150]. A sample holder was 
3.7. The 







3.8. The procedure included the change of base temperature 
ficiently heating the upper copper block. Again 
copper block was turned off while the heater of 
  678 =	9: ; < ; ∆= 
9:  the heat flow in Watt, 
∆= the applied temperature 
Fig. 3.7  Schematic view of the apparatus used 
for measuring the thermal conducti
polyimide foils. Note that for better clarity no 
cabling or thermal shielding is shown in the 
figure. 
 
ctivity was in the 
 

















Fig. 3.8 Example of used temperature program during low T thermal conductivity measurement 
 
A reproducibility test was performed (see chapter 5.1) by cutting 3 similar samples out of one 
non-irradiated polyimide foil. The reproducibility in all 3 measurements was better than 
10 %. The thermal properties of the holder itself are known from reference measurements 
without sample. 
 
Fig. 3.9 Photographs of the cooling finger (left) and the vacuum chamber of the cryostat (right) 
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3.6 Specific Heat Measurements at Low Temperature 
 
Specific heat was measured on a commercial Physical Property Measurement System (PPMS) 
from Quantum Design. The PPMS is an automated measurement device combining multiple 
measurement options of material properties such as Hall effect, electrical resistivity, thermal 
conductivity and last but not least specific heat. It can operate at temperatures ranging from 
1.9 to 400 K. 
In this device the method used to determine the specific heat is based on thermal relaxation 
calorimetry (TRC). This method measures the specific heat of a sample by recording the heat 
response of a sample/holder assembly [151]. The sample of unknown heat capacity is 
attached with conductive grease to a calorimeter platform. The calorimeter platform consists 
out of a 3x3 mm2 alumina square with a thin film heater and a bare CernoxTM sensor. Thin 
wires are used to link the platform electronically and thermally to the bath of the cryostat. 
The measurement can be divided into two steps. (i) Measuring the calorimeter assembly 
comprising out of the platform, the heater, the sensor and the conductive grease without 
sample (so called addenda) and (ii) the measurement of the same assembly with the sample. 
Assuming a good thermal connection between the sample and the platform the specific heat 
is determined through a special fitting technique described in the literature [152]. The 
overall accuracy of this set up on referenced standard samples is found to be better than 1 % 
at temperatures between 100-300 K and <5 % at temperatures down to 1.9 K [153]. 
 
 
Fig. 3.10 PPMS measurement device (left) and the heat capacity sample holder (right) 




All dielectric breakdown voltage
humidity and temperature were 35
of cylindrical stainless steel plates of 12
3.11). To ensure a good electrical contact to the sample, the two electrodes
irradiated foils (5x5 cm2) in between were screwed against eac
Fig. 3.11 High voltage test set up (left), side and top view of Rogowski
Dielectric strength measurements were performed by rampin
1.2 kV/s and monitoring the breakdown voltage by means of a high voltage probe. The 
instrumental voltage limit was 18.5
to a dielectric field of 740 kV/mm exceeding the dielectric 
factor of two. A series resistor limi
excessive sample degradation after breakdown. 
voltage divider and an oscillocope of ~ 1
Voltage breakdown resulted in a clearly visible hole punctured through the sample
inspected by standard optical and scanning electron micros
found to be inside the flat area of the electro
to the geometry of the electrodes did not influence the measurements.
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easurements 
 measurements were performed in ambient atmosphere. The 
-45 % and 22-24°C, respectively. The electrodes consisted 
 mm in diameter with a rounded edge of 1
h other. 
-type electrodes with a 
flat diameter of 10 mm (right) 
g a DC voltage 
 kV. For a 25 µm thick polyimide foil, 18.5
strength of virgin polyimide by a 
ted the breakdown current to 18 mA in order to avoid 
Current measurements were performed by a 
 µA minimum current limitation. 
copy. The majority of holes was
des indicating that electrical field variations due 
 
 
 mm (Fig. 
 with the 
 
at a rate of 
 kV corresponds 




For non-irradiated samples our measurements yield a dielectric strength of about 365 kV/mm 
for 50 µm thick foils and 430 kV/mm for 25 µm thick foils. According to the manufacturer, 
the dielectric strength of Kapton HN measured with standard test methods (AC-Voltage 
60 Hz, ASTM D149-91) is slightly lower, 240 kV/mm (50 µm film) and 303 kV/mm (25 µm 
film) [154]. Higher dielectric strength values obtained when using DC voltage are in 
agreement with literature [99]. No significant difference in dielectric strength was found 
between Apical AV and Kapton HN foils in agreement with Hammoud et al. [155].  
 
G11 
Glass-fiber reinforced plastics, typically having a dielectric strength in the order of 40-
60 kV/mm, were measured at the high voltage laboratory of the Technical University of 
Darmstadt. Samples of 1-1.5 mm thickness were measured in silicon oil to avoid flash-over 
because of the high voltages used necessary to break the material. Electrodes were round 
stainless steel electrodes having a diameter of 15 mm. Two types of test were performed. (i) 
Using a DC voltage ramping of about 1.2 kV/s and (ii) using a 50 Hz AC voltage ramped at 
about 1.2 kV/s. 
 
Weibull analysis of dielectric strength data 
 
Weibull analysis as described in chapter 2.3 was performed using probability plotting 





4 Irradiation Experiments 
 
 
As presented in chapter 1.6, the expected radiation field to FAIR magnets and their 
components is a complex mixture of gamma, neutron and ion radiation. The goal of this 
thesis was (i) to provide useful engineering data for the magnet design and (ii) to perform 
systematic research studies trying to gain a better understanding of observed degradation. 
Therefore irradiations with gammas, neutrons, and protons, light and heavy ions of different 
energies were performed. In addition several samples were exposed to a secondary radiation 
field produced via the fragmentation of a high energy uranium beam. The irradiation 
experiments took place at different institutes and accelerators in Germany and Russia, i.e. 
GSI Helmholtz Center of Heavy Ion Research (Darmstadt, Germany), TU Munich (Germany), 
and Institute for Theoretical and Experimental Physics (ITEP, Moscow, Russia). 
While heavy ion irradiations at energies limited to several MeV/u leads to minor radiation 
induced radioactivity, high energy irradiations with light ions, neutrons and secondary field 
irradiation induce high sample activation. Decay times, necessary to secure safe handling and 
transport of samples may require years. This chapter summarizes the irradiation conditions of 
the different experiments and briefly describes the irradiation facilities. Some of the 
experiments were combined irradiations of several groups and the list of irradiated samples 




4.1 Important Units 
The definitions of the most important units are briefly introduced: 
 
(Particle) Fluence: 














In particle physics the flux is described as the intensity of an ion beam. It is a term referring 
















The absorbed dose is used to determine the amount of energy deposited in a certain volume 













To determine the absorbed dose which an irradiated sample received, one needs to calculate 
the deposited energy of a certain volume of the sample. This absorbed energy can be 
calculated taking the energy loss (–dE/dx) vs. depth function of the TRIM2008 program. 
Taking into account the density and the thickness of the sample, the following equation is 
used: 
 












4.2 Gamma Rays 
 
Polyimide samples (Kapton HNTM) were irradiated with a 60Co-source at the TU Munich. For 
optical spectroscopy 12 µm foils were used, whereas for dielectric strength measurements 
samples with a thickness of 50 µm were used. The dose rate of the 60Co-source is known to 
be about 3 kGy/h from prior calibrations. The irradiation was performed in air. 
Gamma exposures applied covered a dose range from 1 to 27.7 MGy. The time for 
accumulating the highest dose (~28 MGy) is about one year. Table 4.1 summarizes the 
irradiation experiment. 
 
Table 4.1 List of gamma irradiated samples with dose and performed analysis 
Sample Name Dose (MGy) Type of Test 
G-1 (12&50 µm Kapton HN) 1 IR, UV/Vis, DS-Test 
G-2 (12&50 µm Kapton HN) 6.6 IR, UV/Vis, DS-Test 
G-3 (12&50 µm Kapton HN) 12.25 IR, UV/Vis, DS-Test 
G-4 (12&50 µm Kapton HN) 27.7 IR, UV/Vis, DS-Test 
 
 
4.3 Protons & Neutrons 
 
All experiments with protons and neutrons took place at the ITEP in Moscow. ITEP consists 
of a 25 MeV proton LINAC coupled to a synchrotron which provides proton beams up to 
10 GeV. 
 
Proton Irradiation with 21 MeV 
 
Irradiation experiments with 21-MeV protons were carried out at the I-2 linear proton 
accelerator at ITEP, Moscow [157]. A stack of polyimide- and GFRP-samples (see Table 4.2 
and Fig. 4.2) were irradiated together with magnetic alloy samples and two “alanine” dose 
monitors. Sample stacks were mounted on a movable sample holder (Fig. 4.1) allowing 
  
movement of them into and out of the beam via remote control. T
performed in air at room temperature
3.5 mm (calc. with SRIM2010)
 
Table 4.2 List of 21 MeV proton 
fluence and
 
Beam flux and the respective fluence/dose listed in 
irradiation aperture with a diameter of 35
irradiation by means of a current transformer which was calibrated via a Faraday cu
of the foil stacks (1-7) consisted
polyimide foils, a magnetic alloy ribbon and two tensile te
glass-fiber reinforced plastic (G11). The latter two sample types were 
magnetic design department and the results from these samples are not part of this thesis.
Fig. 
Ion species 
Beam energy, MeV 




Foil stack 1 2.0x10
Foil stack 2 4.0x10
Foil stack 3 8.0x10
Foil stack 4 2.0x10
Foil stack 5 4.0x10
Foil stack 6 8.0x10
Foil stack 7 2.0x10
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he irradiation was 
. The range of the 21-MeV proton beam is about 
 Important beam parameters are given in Table 















Table 4.2 are averaged over the 
 mm. The Beam flux was monitored during the 
 of 2x12 µm, 4x25 µm and 12x50 µm Kapton HN type 
st specimen consisting of G11



























Proton Irradiation with 800 MeV 
 
 
A second irradiation session was carried out at the U-10 synchrotron at ITEP. Two sample 
stacks consisting of Kapton foils, magnetic alloy ribbons, G11 fiberglass tensile test specimen, 
and copper alloy wires were irradiated with primary protons of a kinetic energy of 800 MeV. 
Two fluences were applied (φ=1.26×1015 and 2.38×1016 cm-2) and the thickness of the two 
stacks was chosen less than the range of the proton beam. The proton beam penetrated 
through the sample stacks and was stopped in a tungsten target thereby producing fast 
secondary neutrons and protons (Fig. 4.3). 
 
 
Fig. 4.3 Schematic view of the irradiation configuration of the 800 MeV proton irradiation. The 
proton beam (coming from the left) penetrates the sample stacks (left) and is stopped in the 
tungsten cylinder (right). 
The two similar sample stacks (designated as P800A and P800B) were assembled in the 
following manner: Ten 2 mm thick G11 tensile specimen were placed (in two rows, see Fig. 
4.4) on a aluminum plate, then ten layers of magnetic alloy, 20 polyimide foils (2x12 µm, 
4x25 µm and 12x50 µm Kapton HN type polyimide), and one aluminum foil for proton 
fluence scoring (50x50 mm2) were attached. The assembly of the sample P800A is shown in 
Fig. 4.4. P800A was exposed to the beam with the aluminum foil facing the beam for the 
entire duration of the irradiation while the sample P800B was placed behind sample P800A 
and was removed halfway through irradiation time. 
The target for the neutron irradiation was a tungsten cylinder (length 33 mm and diameter 
44 mm) around which a few layers of polyimide (Kapton) and a copper-alloy wire were 
coiled. Seven G11 tensile test specimen and three alanine dose monitors were placed above 
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the polyimide layers. Additionally, at the back side of the tungsten target two G11 
compression samples and another dose monitor were mounted. 
 
Fig. 4.4 Sample arrangement of the 800 MeV proton irradiation experiment  
The total proton fluence applied to the samples P800A and P800B was recorded by the 
reaction rate of Al(p,x) 7Be and Al(p,x) 22Na reactions. So the amount of radioactivity in the 
aluminum foil was measured after the irradiation and was recalculated to obtain the fluence.  
 
Table 4.3 Summary of samples irradiated with protons and neutrons 
Sample Name Fluence / cm-2 
P800-A 1.26×1015 (1.5 MGy) 





4.4 Heavy Ion Irradiation 
 
All irradiations with heavy ions or fragmented beams, using heavy ions as primary beam, 
were performed at the GSI Helmholtz Center of Heavy Ion Research in Darmstadt Germany. 
GSI consists of a linear accelerator (UNILAC) serving as injector of the synchrotron (SIS18). 
The 120 m long UNILAC can accelerate all elements up to the heaviest naturally occurring 
element, uranium, with energies up to 11.4 MeV/u and is operated in pulsed mode. Each 20 
ms a beampulse with a maximum length of 5 ms is generated. The synchrotron can further 
accelerate these ions to about 2 GeV/u (~90 % speed of light) [158]. Irradiations took place 








Irradiation Facility X0 
 
Fig. 4.6 Schematic view of the X0-beamline. The irradiation experiments were conducted at the 
auto sampler target station 
X0 is located at the end of the UNILAC experimental hall. Beamline X0 houses a cryostat, an 
automated sample exchanger, a multipurpose irradiation chamber as well as the microprobe. 
Except the heat measurements of the “flux-test” all irradiations with medium energies (C-Au 
ions, ~11 MeV/u) were performed in the automated sample exchange system. The samples 
were mounted onto a 5×5 cm2 aluminum holder which was transported by the automated 
sample exchange system into the vacuum chamber for the irradiation. All samples were 
irradiated at room temperature and perpendicular to the sample surface unless otherwise 
noted. By using quadrupole magnets, the ion beam was defocused so that the 5×5 cm2 
sample area was homogeneously irradiated. The used fluences ranged from 104 to several 
1012 ions/cm2. The ion flux was limited to be below 2×108 cm-2s-1 in the case of heavy ion 
irradiations and below 1×1010 cm-2s-1 in the case of carbon-ion irradiation. In both cases, the 
flux was limited in order to avoid macroscopic sample heating. The intensity of the used ion 
beam was controlled by measuring the electric current of a so-called Faraday cup. For a 
known charge state and beam spot size this signal can be converted into the absolute ion 
current. The measured beam current values were used to calibrate a secondary electron 
transmission monitor (SEETRAM) consisting of three thin metal foils of about 1 micron in 
thickness [159]. In contrast to the Faraday cup, the SEETRAM is not a beam stopping device, 
offering the possibility of online flux control. When passing through the SEETRAM, the ion 








In an dedicated experiment (designated as “dose rate test”) a typical aluminum-frame sample 
holder was mounted inside the multipurpose chamber equipped with polyimide samples for 
spectroscopic observations. The goal of the experiment was to determine the comparative 
heat increase between different ion fluxes. Therefore the chamber was equipped with a CaF2-
window allowing the heat to pass the chamber and to be recorded via a pyrometer (having 
an infrared detector). Details and results of this experiment are discussed in chapter 5.1. Fig. 
4.7 shows the scheme of the experiment. 
 
 
Fig. 4.7 Scheme of the “dose rate test” showing the irradiation chamber, which was equipped 
with an CaF2-window allowing the temperature of the irradiated sample to be measured. 
 
Table 4.4 Summary of X0 irradiation experiments with performed analysis. 
Material / Ion / Energy Max. dose (MGy) Type of Test 
Pixeo/C-ions/11MeV/u 2.2 Tensile-test 
Polyimide/C-ions/11MeV/u 4.5 IR, UV/Vis, DS-Test 
Polyimide/Ni-ions/11MeV/u 50 DS-Test, thermal conductivity, heat capacity  
Polyimide/Ru-ions/11MeV/u 17 IR, UV/Vis, DS-Test 
Polyimide/Ta-ions /11MeV/u 80 TG-MS, DS-Test 






Irradiation Facility M3 
 
The M3-beamline at the M-branch is a new target station installed at the UNILAC at GSI in 
2008. The M-Branch provides ion beams up to a maximum energy of 11.4 MeV/u for 
materials research. The facility with state-of-the-art in-situ instrumentation and analytical 
tools was financed by combined funds from partially transferred research budget of 
“Ionenstrahllabor” (ISL) and from the GSI, the Helmholtz Association (Impuls- und 
Vernetzungsfond), and a BMBF project of several German universities (Verbundprojekt: 
“Hochauflösende in-situ Charakterisierung struktureller Veränderungen in Festkörpern 
induziert durch hochenergetische Schwerionenstrahlung”, Project No. 05KK7RD1) 
[160],[161],[162]. 
 
The set-up of target station M3 is shown in Fig. 4.8. The ions first pass an aperture consisting 
of a variable pair of x-y-slits for ion beam shaping. Afterwards, a SEETRAM, a Faraday cup, 
and a luminescence screen with a CCD camera for beam diagnostic are available. Beamflux 
monitoring can be performed by the SEETRAM and current measurements on the x-y-slits. 
After the beam diagnostic unit a high temperature chamber allows heating experiments up to 
1100 K. The multipurpose diagnostic chamber (Fig. 4.9) placed at the end of M3 contains a 
sample holder arrangement connected to the cooling finger of a closed cycle refrigerator. 
Temperatures down to 10 K can be reached. 
 
 
Fig. 4.8 Schematics of target station M3: Ions have to pass the aperture for ion beam shaping, a 
beam diagnostic unit providing a SEETRAM, a Faraday cup, a luminescence screen, and a heater 
chamber to reach the multipurpose diagnostic chamber. Reprinted with permission of [162]. 
 
The nearly free-standing sample holder unit can be moved 90 mm up and down and can be 
rotated around +/- 180°. For in-situ investigations of ion beam induced effects on condensed 
matter the chamber can be coupled with a FT-IR spectroscopy system and a RGA system.  
For FT-IR spectroscopy a NICOLET 6700 FT-IR spectrometer of ThermoFisher Scientific is 
used. The spectrometer was placed outside the analysis chamber -45° with respect to the ion 
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beam normal (Fig. 4.10). The IR detection unit was separated from the casing of the 
spectrometer and installed outside the chamber at +135° with respect to the ion beam (Fig. 
4.10). The infrared transparency is ensured by using two flanges including 4 mm thick ZnSe 
windows. In front of the first IR window a KRS-5 IR polarizer can be mounted. 
 
Fig. 4.9 Schematics of the multipurpose chamber at target station M3. IR source and detection 
unit are placed outside of the chamber. The angle between IR radiation and ion beam normal is 
-45°. The RGA is mounted near the IR detection unit and tilted down 30°. The sample holder can 
be moved up and down and is rotatable. Reprinted with permission of [162]. 
 
Even though the infrared beam has to pass through the KRS-5 IR polarizer, two ZnSe 
windows, the sample, and some air between the gaps of the IR source and the IR detector, IR 
spectra with very good signal intensity are obtained for polymer samples with sufficient 
thickness (1-25 µm).  
For residual gas analysis a Microvision Plus quadrupole mass spectrometer (QMS) of MKS 
Instruments provides a mass range from 1 to 200 amu and a detection range from 
 6.7×10-10 to 6.5×10-2 Pa. The RGA is located 112.5° compared to the ion beam and tilted 
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30° downwards. If not otherwise mentioned electron impact (EI) was used at an accelerating 
voltage of 70 eV. 
 
Fig. 4.10 Photographs of the target station at beamline M3 showing the IR spectrometer (left) 
and the IR detector and RGA (right) 
 
In this thesis the first experiments at the M3-beamline are presented after successful 
commissioning in 2007. Polyimide and cured polyepoxy films were irradiated with 4.5 
MeV/u Au ions as presented in chapter 5.1. 
 
 
Table 4.5 List of in-situ measurement experiments at the M3 beamline 
Material (MeV/u) Max. fluence (cm
-1) / dose 
(MGy) Type of Test 
Polyimide (Kapton HN) 1×1012 / 10 In-situ IR/MS 






Irradiation Facility Cave A at SIS18 
 
Cave A, equipped with several beam diagnostics such as a calibrated SEETRAM and an 
ionization chamber, was used for irradiation experiments of epoxy/fiber composites. Epoxy 
fiber composites typically have a thickness of >1 mm. To irradiate this material 
homogeneously the penetration depths of ions accelerated at the UNILAC are not high 
enough. All irradiations took place in air after the beam passed a 100 µm thick aluminum 
window and 45 cm of air. 
 
 
Table 4.6 List of samples irradiated at Cave A and performed analysis 
Material / Ion / Energy Max. fluence (cm
-1) / dose 
(MGy) Type of Test 
G11 / Xenon/ 200 MeV/u 2×1010 / 0.038 DS-Test (DC) 
G11 / Xenon/ 200 MeV/u 1×1011 / 0.19 DS-Test (DC) 
G11 / Xenon/ 200 MeV/u 2×1011/ 0.38 DS-Test (DC) 
G11 / Xenon/ 200 MeV/u 1.2×1012 / 2.3 DS-Test (DC), Cp-Low-T 
G11 / Au/ 400 MeV/u 1×1010 / 0.02 DS-Test (AC) 
G11 / Au/ 400 MeV/u 1×1011 / 0.2 DS-Test (AC) 
G11 / Au/ 400 MeV/u 1×1012/ 2 DS-Test (AC) 
Cy/Ep-Comp. / Au/ 400 MeV/u 1×1010 / 0.02 DS-Test (AC) 
Cy/Ep-Comp. / Au/ 400 MeV/u 1×1011 / 0.2 DS-Test (AC) 
Cy/Ep-Comp. / Au/ 400 MeV/u 1×1012/ 2 DS-Test (AC) 
 
 
Irradiation Facility: HHD Beam Dump 
 
The HHD beam dump, located at the exit of the SIS18 synchrotron, is a stainless steel beam 
dump surrounded by concrete walls. It is installed as a security cave, where the beam can be 
dumped whenever no experimental cave is using it, or for accelerator experiments where the 
experiments are not performed in a cave. 
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Within this study this facility was used for direct irradiation on a SIS 100 magnet voltage 
breaker using a high intensity Ar beam, as well as for the production of secondary particle 
fields via the fragmentation of an intense 1 GeV/u Uranium beam inside a stainless steel 
target. For these purposes various modifications to the existing beam dump beam line were 
performed. As can be seen in Fig. 4.11, the beam tube, which was directly connected to the 
beam dump, was partly removed and equipped with a stainless steel vacuum window. For 
remote controlled sample positioning, two moving axes and several analog and digital 
cameras were installed. Several scintillator-based ion beam profiler were installed for beam 
adjustments. The beam flux was measured via a calibrated beam transformer and the 
position of the beam was measured with profile grids. 
 
 
Fig. 4.11 Installations of the irradiation set-up at the HHD beam dump of SIS 18. Upper pictures 
show the beam dump before installation. Bottom pictures show the dump after removing of the 
beam tube and the installations of moving axis, light targets, and the sample holder, which can 




Table 4.7 Fluence, dose and used ion beam of the voltage breaker irradiation experiment 
sample / ion / energy (MeV/u) max. fluence (cm-1) / dose (kGy) type of test 
Voltage breaker / Ar / 400 3×1013 / 630 leakage test 
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Irradiation experiment with secondary radiation 
 
As mentioned at beginning of this chapter the HHD beam dump was used to perform an 
experiment with a secondary radiation beam, which was produced via stopping of a 1 GeV/u 
uranium beam inside a stainless steel target (angle of incidence: 2.4°). The irradiation set up 
(Fig. 4.12) consisted of a V-shaped stainless steel target with various samples for mechanical, 
electrical and performance testing. Since part of the samples get radioactive and have to 
“cool down” until 2015 they will be part of a different thesis. Table 4.8 summarizes the 
samples which were measured within this thesis. For a more detailed description of the 
experiment as well as for the dose calculations see [163],[164], [165], [166]. 
 
 




Table 4.8 List of samples, measurements and calculated dose of the secondary radiation 
experiment at HHD 
Sample Dose (MGy) Type of Test 
Pixeo glued polyimide 3.5 Tensile Test 
Pixeo glued polyimide 4.2 Tensile Test 
Pixeo glued Polyimide 5.6 Tensile Test 
Cernox T-sensor 0.1 Performance Test 
Cernox T-sensor 2.7 Performance Test 
Cernox T-sensor 3.2 Performance Test 
Cernox T-sensor 5.2 Performance Test 




5 Results & Discussion 
 
5.1 Polyimide 
“Dose Rate Test”: Exclusion of Temperature and Dose Rate Effects 
 
Quite a number of studies show that environmental conditions such as pressure [167], 
atmosphere [168]), temperature [46],[169],[170],[171], and the dose rate 
[172],[173],[174] influence the induced changes of ion irradiated materials. To avoid 
misinterpretation of data due to the existence of an unknown high temperature (ion induced 
macroscopic heating) or dose rate effect, we measured the temperature rise as well as the ion 
induced coloration of polyimide foils in a dedicated experiment (the set up is described in 
chapter 4.4). Different fluxes were used while holding the pulse length and frequency 
constant (Table 5.1). This way the dose rate was changed by more than one order of 
magnitude. Earlier experiments of dose rate effects used gamma rays and low energy (keV 
regime) ion irradiation [172],[173],[174]. These radiation sources usually do not have a 
pulsed structure like the linear UNILAC at GSI. At present little is known about the influence 
of repetition rate nor pulse length of high energy heavy ion irradiation on the induced 
changes in matter. A complete study with a large parameter set was not possible due to the 
limited beamtime. 
 
Table 5.1 Irradiation beam parameters of the “doserate-test” performed at X0 beamline. 11.1 
MeV/u Xe-Ions. 
 Exp.1 Exp.2 Exp.3 Exp.4 
Flux 
(cm-2s-1) 4×10
7 1.2×108 3.5×108 6×108 
pulse frequency 
(Hz) 5 5 5 5 
pulse length 
(ms) 4.5 4.5 4.5 4.5 
max. Fluence 
(ions/cm2) 2×10
11 2×1011 2×1011 2×1011 
temp. at max. fluence 




In each irradiation experiment three different fluences were applied (A: 1×1010, B: 1×1011 
and C: 2×1011 ions/cm2). During beam exposure the temperature was recorded online with a 
pyrometer (chapter 4.3). Fig. 5.1 shows the temperature rise during (i) the maximum fluence 
of Exp. 2-4 and (ii) all irradiation steps during Exp. 4. It can be seen, that starting from Exp. 
2 a temperature increase of the sample becomes significant. At the maximum flux/fluence 
the sample temperature is in the order of 60°C. 
  
Fig. 5.1 Temperature increase of the polyimide samples during irradiation using different fluxes 
of the highest fluence (left) and of the three different fluences of the highest flux used (right). 
 
The ion induced coloration of the samples was measured by means of UV/Vis spectroscopy. 
Fig. 5.2 shows a plot of the cut off wavelength (measured at 5 % transmittance, see page 69) 
of all irradiated samples against the ion fluence for all four experiments. It can be stated that 
in the observed flux and temperature regime no significant influence on the coloration of 
polyimide is found. The reason for this can be explained by the high thermal resistance, the 
absence of phase transitions in the observed temperature regime as well as the high glass 
point (TG=360-410°C) of polyimide. Nevertheless in further heavy ion irradiation campaigns 




































 6.0*108 ions/s*cm2 (Exp. 4)
 3.5*108 ions/s*cm2 (Exp. 3)
 1.2*108 ions/s*cm2 (Exp. 2)
 4.0*107 ions/s*cm2 (Exp. 1)
 





Beam Induced Structural Changes in Polyimide 
 
Color change in polyimide induced by 21 MeV proton irradiation (UV/Vis) 
 
Classical polyimides like Kapton (PMDA-ODA) have an amber to orange color deriving from 
intra- and intermolecular charge transfer complexes between the electron rich (amine-phenyl 
fragment) and the electron accepting (diimide fragment) structural units [51], [175], [176] 
[177]. 
Ionizing radiation such as UV, gamma and neutron radiation is known to induce a blue shift 
of the absorption edge in UV/Vis spectra of polyimide [176], [178] (see as example Fig. 5.3 
measured in this work) while for ion irradiations in all cases a red shift is observed and the 
magnitude of shift depends on the stopping power of the used particle beam [120], [122], 
[179]–[181]. 









































Fig. 5.3 UV/Vis spectra of gamma-irradiated 12-µm polyimide. The Arrow in the magnified inset 
indicates the shift at 5% of transmittance (absorption edge). 
 
The particle beams used in literature range from protons, light and heavy particles of very 
low energy (<1 MeV/u) up to high energy irradiations of ions from carbon to uranium. Since 
no data concerning changes of the optical absorption is found for high energy proton 
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irradiation this part of the irradiated 12 µm polyimide foils was measured by UV/Vis 
spectroscopy to complete the mosaic of different radiation types. 
Fig. 5.4 shows the UV/Vis spectra of 12 µm polyimide foils irradiated with 21 MeV protons. 
While in the case of 800 MeV proton irradiation as well as the irradiation experiment with 
neutrons no significant changes in the UV/Vis spectrum were observed, the irradiation with 
21 MeV protons (Fig. 5.4) resulted in a small red shift similar to other particle beams. The 
electronic energy loss of 21 MeV protons in polyimide is one order of magnitude than for 
800 MeV protons. 
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Fig. 5.4 UV/Vis spectra of 12-µm polyimide irradiated with 21 MeV protons. Arrow in the 
magnified inset indicates the shift at 5% of transmittance (absorption edge). 
 
Interpretation of the changes of optical absorption in irradiated Kapton 
 
The blue shift induced by UV/gamma/neutron radiation is explained by chain scission 
leading to a destruction of the donor-acceptor charge transfer complexes while the red shift 
of ion induced degradation is ascribed to the formation of unsaturated conjugated bonds and 
the production of carbon clusters which start to overlap at high fluences to form amorphous 
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carbon (note that for low energy ion bombardment additional graphite like islands were 
observed [179], [180]). The latter pathway of ion induced degradation shares a similarity to 
thermal degradation of Kapton-type polyimide which forms amorphous carbon at 
temperatures above 600°C that crystallizes at higher temperatures to graphite [182]. The 
similarity between ion induced degradation and thermal degradation seems (at least in case 
of Kapton-type polymer) to provide supportive arguments for the thermal spike model (as 
described in chapter 2.2 .A temperature spike around the projectile path seems to be a 
reasonable model to interpret ion induced changes in polyimide. However, the model 
predicts a temperature spike with thousands of degrees Celsius were graphitic structures 
should form, but never were observed. An additional argument against this analogy is the 
carbon structure synthesis in polyimide samples, irradiated with high energy light ions, which 
are found to produce carbon structures in a two-hit process (anticipated by the increase in 
electrical conductivity [59]). This means that at the very beginning of the irradiation a kind 
of precursor forms which only changes to carbonaceous structures when a ion hits the same 
location. This speaks against a thermal spike since in both hits the induced temperature is 
similar and should not lead to carbon cluster synthesis in a thermal decomposition type of 
mechanism. 
We therefore consider that the ion induced degradation follows a different mechanism. It 
should be noted that this interpretation can only be used for Kapton-type polyimides. 
Different polymers may decompose following individual degradation mechanisms. For 
example gamma induced degradation of fluorine containing polyimides can lead to a red 




Ion induced changes in chemical structure of polyimide (IR/RGA) 
 
For decades, infrared spectroscopy has been widely used as one of the standard 
characterization methods for studying ion induced changes in polymers. For polyimide, it is 
found, that high energy heavy ion radiation induces special features not found in case of 
gamma, UV or thermal degradation: The formation of terminal alkynes, the synthesis of 
carbon clusters, and other oxidative degradation products. In this chapter the results of high 
energy proton and neutron irradiated samples are presented as well as first in-situ FT-IR and 
MS studies carried out at the M3-Branch of GSI´s UNILAC. For protons and neutrons, no data 
of FT-IR is found in literature while the latter case presents in-situ measurements which 
allow exclusion of any post-degradation effects or errors deriving from inhomogeneities of 
the sample. Results are discussed and compared with the existing data from the literature. 
 
IR spectra of proton and neutron irradiated samples 
 
In the case of 800 MeV proton and neutron irradiation no difference in IR-spectra between 
the irradiated and non-irradiated samples is detected. This means that for the irradiation 
dose up to 3 MGy, no significant degradation products are found, but may appear at greater 
dose. Samples irradiated with a great dose of energetic ions became highly radioactive and 
had to cool down for about 2 years before the analysis. Application of greater doses was 
therefore unreasonable. 
One of the IR spectra of the 21-MeV proton irradiated polyimide samples is displayed in Fig. 
5.5. Additionally to the decrease in all absorption band intensities found for non-irradiated 
polyimide (which typically appears when polymers are degraded by ionizing radiation) an 
increase of a broad band in the regime 3750 cm-1-3000 cm-1 appears. This band is identified 
as hydroxyl vibration of alcohols and/or carboxylic acids and is not present in the case of 
heavy ion irradiation experiments in vacuum. It should be noted that in contrast to the 
results derived by measurements on swift heavy ion irradiated samples at the UNILAC the 
proton irradiations took place in atmosphere with the sample being exposed to humidity and 
oxygen. A growth of hydroxyl vibration bands indicates oxidative degradation products 
coming from reactions of the polymer with oxygen or humidity and has also been observed in 
irradiation experiments of polyimide with heavy ions in oxygen atmosphere [184]. 
Comparing the efficiency of ion induced changes between light and heavy ion particles shows 
that heavy ions, which have an electronic energy loss orders of magnitude higher than the 
used proton beam, induce extensively more damage. 
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  protons 2*1016 cm-2 / 82 MGy
 
Fig. 5.5 FT-IR spectra of non-irradiated and 21 MeV proton irradiated 12-µm polyimide. For a 
better visibility only the spectra of non-irradiated polyimide and the greatest dose are 






































Fig. 5.6 Comparison of the relative absorption of the aromatic vibration band at 726 cm-1 of 
proton (red dots) and heavy ion irradiated polyimide (blue squares, adopted from [58]). 
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Plotting of the relative changes against the dose (in Fig. 5.6 for example the relative decrease 
of the vibrational band intensity at 726 cm-1 of proton irradiated samples is plotted together 
with the data measured by Severin et. al. [58], [120]) shows the efficiency of heavy ions 
producing structural degradation that is by a factor of ten higher. 
 
 
In situ infrared spectroscopy of polyimide irradiated with 4.5 MeV/u Au ions: 
 
Fig. 5.7 shows the infrared spectra of 12-µm polyimide recorded before and after the 
irradiation with 4.5 MeV/u Au ions of the maximum fluence (1×1012 ions/cm2). In the 
spectra the typical ion induced degradation of polyimide becomes visible: nearly all IR bands 
decrease due to the degradation of the molecular structure of the polymer. New absorption 
bands appear which are due to the ion induced production of unsaturated hydrocarbons, 
nitriles, isocyanides and alkynes, as well as oxidative degradation products such as carboxylic 
acids and alcohols [184] [185]. Fig. 5.8 shows the IR spectra of the sample irradiated with 
different fluences in the wave number range from 3000 cm-1 to 2700 cm-1. In this region the 
rise of 4 new peaks is observed. These new bands are identified as saturated carbon-
hydrogen bonds and/or carboxylic acids. So far only one of these peaks was mentioned in 
literature, presumably due to their low intensities [184]. The in-situ measurement provides a 
good technique to investigate such small changes in the IR spectrum, due to its high signal to 
noise ratio obtained by the significant suppression of background effects. 
Semi-quantitative exploration of the relative changes of band areas of degrading bands is 
shown in Fig. 5.9. Due to overlapping bands no clear trend can be found and all bands, 
although belonging partly to the same functional groups of the polymer, show slightly 
different degradation behaviour. As mentioned in other studies the polyimide group 
frequencies seem to degrade faster but the spectra show strong scattering which makes a true 
statement difficult. However, it can be stated that the degradation in principle follows an 
exponential decay typically observed for single impact processes i.e. a certain change is 
already induced in the material at the first impact of an ion. These results are discussed and 





















 4.5 MeV/u Au-ions φ=1∗1012cm-2 
 
Fig. 5.7 IR spectra of non-irradiated and Au-ion irradiated (φ=1×1012 cm-2) polyimide. 
Reprinted with permission of [162]. 
































































Fig. 5.9 Relative absorbance of several absorption bands of Au-ion irradiated polyimide recorded 
in-situ during beam breaks.  
 
In-situ residual gas analysis: 
 
Fig. 5.10 shows the residual gas spectra of polyimide measured in combination with in-situ 
IR spectrometry described above. The diagrams indicate the background spectrum, the 
sample spectrum during irradiation, and their differential spectrum. Without ion beam 
exposure, surface contaminations and background gases such as H2O (m/z=18), CO 
(m/z=28), and CO2 (m/z=44), and some signals from fragmented hydrocarbons (m/z=25-
27) are detected. They derive from gas leakage and desorption from the surface of the 
chamber and the sample. With the start of ion irradiation these signals increase and 
additional signals become visible. The most pronounced difference in peak intensity is found 
for m/z=28, 2, 26 and 12 in decreasing order. Obviously, a mixture consisting of CO, N2 
C2H2, HCN, C and H2 molecules are the main degradation products which leave the polymer 
during the irradiation, as described in the literature for ion induced [184], thermally induced 
[186], and laser induced degradation [187], [188]. Fig. 5.11 shows the ion monitoring traces 
for carbon (m/z=12), C2H2 (m/z=26), and C2H4/CO/N2 (m/z=28). Before the irradiation 
starts, the partial pressure of all three molecules shows a relatively low value. Starting the 
irradiation leads to a higher partial pressure for the chosen molecules caused by the 
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degradation of the sample. At the onset of the irradiation all measured m/z values quickly 
reach a plateau which represents a stationary state in the emission rate and the pumping 
efficiency of the turbo molecular pump.  
 
 
Fig. 5.10 Outgassing products of 12-µm polyimide before and during irradiation as well as the 
difference of both. The spectra show that the most pronounced peak is found at m/z = 28 which 
is a mixture consisting of C2H4, CO, and N2 molecules. 
 
This behavior is different from other outgassing studies for example using low energy ion 
irradiation experiments (in the keV range), they show a maximum emission rate after the 
































Fig. 5.11 Example of online gas monitoring during irradiation. Before irradiation the partial 
pressure of all molecules is at a relatively low value. Starting irradiation leads to a rise of partial 
pressure of the molecules due to the degradation of the sample. After stopping the irradiation 
the partial pressure returned to the value of the residual gas of the vacuum system. 
 
After the irradiation the partial pressure re-established to the value of the residual gas of the 





Thermal gravimetric (TG) analysis of ion irradiated polyimide 
 
Fig. 5.12 shows the TG curves and their derivatives of 21 MeV proton irradiated samples in 
the temperature range up to 800ºC. Mishra et al. found for low dose proton irradiations 
(<100 kGy,) [190], [191] and electron irradiation of polyimide [192] an improvement in 
thermal stability after irradiation with 60 MeV protons (explained by cross-linking of the 
material), and a small decrease in thermal stability for 2 MeV electron irradiation of 23 kGy 
(explained by chain scissions). The great dose 21 MeV proton irradiation used in this study 
(800 kGy to 82 MGy) shows a reduction of the thermal stability visible in decreased onset 
temperature of thermal degradation (Td,5%) and the temperature at maximum decomposition 
rate (Td,max, Table 5.2). 
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Fig. 5.12 TG analysis of 50 µm polyimide irradiated with 21 MeV-protons (left) and their 
derivatives (right) 
 
Table 5.2 Results of TGA measurements of 21 MeV proton irradiated polyimide 
Fluence /p+/cm2 Dose/MGy Td,(5%) / °C Td,max / °C Char residue / % 
Pristine 0 613 645 57 
2×1014 0.8 610 642 55 
2×1015 8 601 638 54 
2×1016 82 566 634 43 
 
The ion irradiation clearly modifies the course of the radiolysis process resulting in reduced 
degradation temperatures and significant changes of residual weight values due to char 
residues. Beam-induced effects of heavy ion irradiations are found to be more pronounced as 
shown in Fig. 5.13. Ta-ion irradiated samples show a strong reduction in thermal stability 
(Table 5.3) and degrade the material an order of magnitude faster than protons (Fig. 5.14). 
It should be noted that the temperature of maximum rate of decomposition (Td,max) is less 
effected compared to the temperature of initial decomposition (Td, 5%). In case of Ta-ions first 
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a decrease of Td,max is observed which increases again at higher fluence. This trend may due 
to the increasing char residue forming at higher fluences. 
 
Table 5.3 Results of TGA measurements of 11 MeV/u Ta-ion irradiated polyimide 
Fluence /ions/cm2 Dose/MGy Td,(5%) / °C Td,max / °C Char residue / % 
Pristine 0 613 645 57 
1×1011 0.8 553 581 60 
1×1012 8 399 575 57 
5×1012 40 430 614 71 
 


































Fig. 5.13 TG analysis of polyimide samples irradiated with 11 MeV/u Ta-ions (left) and their 
derivatives (right) 
 
The change in char residue follows a different trend for proton and heavy ion irradiated 
samples. Char residue at 800°C of proton irradiated samples decreases from 57 to 43 % while 
for Ta-ions the residual weight increases from 57 to ~70 % (at the maximum fluence). The 
tendency to form a char residue is strongly determined by the chemical structure of a given 
polymer [193]. A char easily forms in case of dehydrogenated, substituted, or condensed 
aromatic rings, while a negative char-forming tendency is observed for aliphatic groups 
connected to aromatic groups. Under proton or low-fluence Ta-ion irradiation, the pristine 
structure of Kapton is obviously changed in a way that char does not form easily, probably by 
scission of aromatic rings leading to aliphatic structures. Especially in the case of proton 
irradiation, which took place in air, a formed char might vanish due to its radiation induced 
reaction with O2 leading to CO2 outgassing from the material during the irradiation 
experiment (it should be noted that carbon materials are easily degraded thermally in oxygen 
atmosphere at already moderate temperatures [194]). 
High-fluence ion irradiation in vacuum is known to create carbon clusters which do not 
degrade thermally within the temperature regime tested in inert gas atmosphere. Therefore 
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samples irradiated with heavy ions at high fluences already contain an ion induced char 
residue prior to the TG analysis. This would explain the increased char residue found for the 
heavy ion irradiation. Moreover, carbon particles suspended in polymers are known to 
catalyse thermal degradation and support the char-forming process [195]. 

















Fig. 5.14 Temperature of initial decomposition values plotted against the dose. The lines are 
guides to the eye only. 
 
However, it is not possible to distinguish the influence of char formation and beam-induced 
structural changes on both the char formation and its influence on the onset of thermal 
degradation. 
 
Residual gas analysis of thermally degraded irradiated polyimide samples 
 
The analysis of the gas evolution during thermal degradation of irradiated polyimide samples 
was studied by means of TG-MS. For proton irradiated foils despite a small increase in H2O 
evolving at temperatures below 200°C no significant change in gas evolution appears. 
Presumably, this is because of the low energy loss of protons which does not lead to major 
changes of the chemical structure. The absence of increased gas emission supports the 
assumption that the decreased char residue found after thermal degradation is not induced 
by changes in the molecular structure, but is due to the irradiation environment (air). The 
increased absorption of water of irradiated polyimide has been described for gamma and 
neutron irradiated samples. 
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Samples irradiated with different fluences of Ta ions reveal that at 400°C mainly the 
formation of H2O (m/z= 17,18), CO (m/z=28) and CO2 (m/z=44) is increased (Fig. 5.15) 
while at 550°C the typically observed CO formation decreases relatively to the other 
outgassing species and totally vanishes at the highest fluence of 5×1012 Ta-ions/cm2 (Fig. 
5.16). 
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Fig. 5.15 Mass spectra of 11 MeV/u Ta-ion irradiated polyimide at 400°C 
 
This observation is explained by the proposed heavy-ion induced production of carboxylic 
acids [196], [197] or the rearrangement of an imide into an isoimide [198]. CO, which is 
found to be the main outgassing product during ion irradiation (in-situ MS analysis), stayed 
constant until the final fluence of 1×1012 Au-ions/cm2. This means that the decreased 
amount of CO found at Td,max (already at low fluences) cannot be explained with less 
outgassing and resulting absence of CO, but in a reduced temperature at which CO starts 
outgassing. However, at lower temperatures only the CO2 formation is increased 
significantly. A possible explanation of this behaviour is the thermal degradation route which 
via CO formation leads to carboxylic acids [186] and isomerisation from imides to isoimides. 
Assuming that degradation induced by heavy ion irradiation favours this degradation path 
explains the increased formation of CO2 at lower temperatures as well as the relatively low 
CO production at higher temperatures. The total absence of CO at Td,max for samples 
irradiated with the highest fluence could be attributed to the fact that nearly all carbonyls are 
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already degraded. Unfortunately this could not be cross checked with in-situ RGA due to the 
limited beamtime. One would expect a decreasing CO signal at high fluences where 
overlapping of damaged regions becomes significant. 
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Fig. 5.16 Mass spectra at the temperature of highest decomposition for 11 MeV/u Ta-ion 
irradiated polyimide foils 
Concerning the absolute amount of evolving gases, without a true calibration, it can be 
anticipated that with increasing fluence, a smaller amount of gas is evolved (as indicated by 
the decrease in total ion-count in Fig. 5.17) in agreement with the higher char residue found. 
However, this conclusion is semi-quantitative because of the strong influence of the 
measurement conditions on the results of the analysis. True quantifications of TG-MS data 
can only be performed using internal standards (not possible with our samples) or careful 
control of the gas flow through the TG-MS [199]. 




























Fig. 5.17 Total MS ion count versus temperature for 11 MeV/u Ta-ion irradiated polyimide 
  
  
The degradation mechanism of polyimide
 
Numerous groups investigated the interaction between energetic heavy ions and polyimide 
type polymers. Despite the overall degradation of the polymer
carbonization [59] the synthesis of degradation products such as cyanates and alkynes is 
found. Fig. 5.18 a shows 
[184][185]. A sufficient explanation how the ion beam triggers the synthesis of 
carbon-carbon triple bonds is found in the cleavage of the imide group which leads to the 
formation of CO, phenyl isocyanate, ethyne
5.18 a). This radical furthermore reacts in different pathways forming CO, isomeric 
isocyanates as well as carbon clusters (reaction scheme b in 
 
Fig. 5.18 a) and b) show summary of proposed degradation mechanisms from refs. 
c) and d) show reasonable reaction pathways which lead to carboxylic 
branching with aliphatic compounds
In the literature, no mechanism describes the production of a non
discovered in this study. In 
degassing from the bulk polymer is proposed. Breaking of the C
radical. Hydrolysis of this radical possibly prod
proposed for the degradation mechanism of polyimide during pyrolysis 
ring opening of polyimide leading back to polyamic acid (repolymerization) would produce a 
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 induced by energetic ion beams
 [120] as well as ion induced 
a plausible degradation mechanisms as 
 and a biradical at the phenyl residue 
Fig. 5.18). 
functional groups and 
 
 
-volatile carboxylic acid as 
Fig. 5.18c a possible synthesis path of a carboxylic acid not 
-N bond produces an imide 
uces a carboxylic acid. A similar reaction was 
[186]
 
described in refs. 
-NCO and 
(1 in Fig. 
 
[184], [185]. 
. Secondly, the 
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carboxylic group. In case of thermal degradation, the emission of CO2 is ascribed to isoimide 
moieties initially present in the polymer and a steady state of CO2 emission suggests the 
isomerisation of polyimide to an isoimide [127]. Isoimides are a common side-product during 
the second step of imide synthesis, e.g. the ring closure of the amic acid (Fig. 5.19) [51]. 
However, the IR spectra of neither non-irradiated nor irradiated sample show the typical IR 
bands of isoimides (1820 cm-1-1795 cm-1). Therefore the suggestion of ion induced formation 
of carboxylic acids explains both IR and MS results. 
 
 
Fig. 5.19 Proposed mechanism of isoimide formation during the second step of polyimide 
synthesis 
 
An explanation for the formation of saturated hydrocarbons is found in analogy to the 
radiolysis of polytetrafluoroethylene (PTFE). In Reference [200] it is demonstrated that in 
the electron beam induced radiolysis of PTFE a -CF3 radical is formed which recombines with 
the backbone to a -CF3 side group. In this way it is possible to branch PTFE with -CF3 side 
groups. In polyimide a similar synthesis of -CH3 side groups coming from the recombination 
of a -CH3 radical with the polymer backbone seems reasonable. This mechanism is supported 
by the detected CH4 (m/z=16) as a minor outgassing product, but still needs verification by 








Optical and microscopic observations 
 
After breakdown tests, as described in chapter 3.7, the damaged surfaces of pristine and 
irradiated 50-µm thick polyimide samples were inspected by scanning electron microscopy 
(Fig. 5.20). The breakdown holes of non-irradiated, gamma, proton and carbon ions 
irradiated samples are round holes, whereas polyimide samples irradiated with heavier ions 
are found as more irregular-shaped holes or even double holes. The material at the rim 
shows a porous morphology with large, up to µm-sized cavities and cracks indicating the 
increased brittleness of the irradiated material. The eroded area and the size of the 
breakdown holes become larger with increasing ion fluence in agreement with earlier 
observations of neutron-irradiated glass-fiber-composite polyimide laminate [201]. 
 
Dielectric strength of polyimide irradiated under normal beam incidence 
 
The dielectric strength of all irradiated polyimide samples was found to be directly related to 
radiation induced degradation which depends on dose, energy, and type of irradiation. Fig. 
5.21 and Fig. 5.22 comprise the breakdown results for samples from different irradiations by 
plotting the dielectric strength as a function of accumulated dose. Each data point represents 
the mean value from measurements of 3-8 individual samples, error bars correspond to the 
mean standard deviation. Due to the limited number of samples, the results for gamma-
irradiated foils are based on a single measurement. 
For irradiations with gammas or protons of doses up to 10-20 MGy, the dielectric strength 
scatters around the standard value of non-irradiated material. Above this dose, the insulating 
property decays but remains within 90 % of the value of pristine foils at the highest tested 
dose of 82 MGy (21-MeV protons, 2×1016 cm-2). For samples irradiated with heavy ions, the 
dielectric strength significantly degrades with increasing dose. The process is more 
pronounced for ions species of higher mass and energy loss. It is very important to note that 
heavy ion beams alter the electric strength already at an extremely low dose of 100 Gy. In the 
dose range 1-10 MGy, the breakdown voltage is only slightly higher than for a 50-µm thick 
layer of air (breakdown voltage ~700 V). The low dose effect of heavy ions is more obvious 




Fig. 5.20 Scanning electron micrographs of sample surfaces after breakdown tests showing 
typical breakdown holes in low (left) and high (right) magnification in 50-µm thick non-













 (D). Reprinted with permission of [202]. 
  
Fig. 5.21 Dielectric strength of polyimide irradiated with gammas (Co
function of dose. The dash
corresponds to a fluence of 5×10
Reprinted with permission 
Fig. 5.22 Dielectric strength of polyimide irradiated with various heavy ions as a function of 
dose (left) and in a semi logarithmic plot as a function of fluence (right). The dash





 source) and protons as a 


















Angular dependence of heavy ion induced changes in the dielectric strength of polyimide 
 
In addition to the samples irradiated under normal beam incidence the breakdown voltage of 
50-µm thick polyimide foils exposed under 45° (Fig. 5.23) was measured. Under this 
geometry, the length of the ion tracks is larger by a factor of √2 than the thickness of the foil 
and thus as the track length produced under normal incidence. 
The measured breakdown voltage of samples exposed to the tilted ion beam was found to be 
larger than a factor of ~ √2 compared to normal beam incidence. This is an indication that 
the breakdown process does not simply depend on the foil thickness but scales with the 
length of the ion tracks. 































Fig. 5.23 Breakdown voltages for 50-µm thick polyimide foils (Apical AV) irradiated with 1120-
MeV Ruthenium ions under normal and 45° beam incidence. Lines are guides to the eye only. 
 
With increasing fluence, the average distance between neighboring ion tracks decreases. If 
the distance becomes sufficiently small the breakdown proceeds by bridging neighboring 
tracks. Under this condition, the breakdown voltage of samples with tilted tracks should 
become equal to values for foils exposed under normal incidence. Within the fluence regime 






To predict failure probabilities of polyimide for the later application as insulator in magnets 
the breakdown voltage data of 25-µm thick polyimide foils irradiated with Ru ions under 
normal incidence were evaluated by means of Weibull statistics. This approach is widely used 
in reliability engineering and failure analysis. Fig. 5.24 shows the Weibull plots for 
breakdown measurements of non-irradiated and irradiated foils. The experimental results are 
in good agreement with the Weibull fits (solid lines), although data do not exactly follow Eq. 
7 (page 29). 
 
Fig. 5.24 Weibull plots using the linearized form and associated fits for sets of pristine and 
irradiated polyimide samples. Reprinted with permission of [202]. 
 
Table 5.4 shows failure probabilities calculated from the Weibull distribution at 1.67 kV, the 
designed voltage limit required for the FAIR magnets. Between the non-irradiated foils and 
the highest tested fluence (1×1010 Ru-ions/cm2), the failure probability increases from close 






Table 5.4 Fit parameter of Weibull analysis: β is the shape parameter and α denotes the Weibull 
characteristic lifetime. The 25-µm thick polyimide foils were irradiated with 1112-MeV Ru-ions. 







0 27.1 11.1 0 
1×108 5.4 4.5 0.5 
1×109 4.0 3.6 4.6 
1×1010 11.0 2.2 6.7 
 
Regarding the shape parameter, no systematic change is found with irradiation fluence. This 
means that the change in the spread of the distribution follows no clear trend and remains at 
values β>2. For these values the shape of the distribution is similar to a normal distribution. 
This indicates that in all measured sample sets there is an increasing failure rate with 
increasing voltage, and not a so-called early life failure (β<1) or constant failure rate (β=1). 
This just mirrors the ageing of the material during the measurement due to the electrical 
field. 
 
Discussion of dielectric strength of ion-irradiated polyimide 
 
Dielectric breakdown in polymers has been studied for decades. Many theories have been 
proposed in an attempt to explain observed phenomena. However, many problems still 
remain unsolved. To summarize the main theories, the electrical breakdown is characterized 
by the electrical, mechanical and thermal properties of the investigated material, as well as 
its chemical structure and manufacturing quality. In general, the dielectric breakdown is 
accompanied by the destruction of the molecular structure and formation of a conductive 
material (“treeing”) [90]–[92]. It can be divided into the “tree inception” and “tree 
propagation” [93], [95]. In polymeric high voltage insulations the tree inception time mainly 
depends on the conductor, whereas the tree propagation time depends on the insulating 
properties [96]. Depending on the type of material and the number of pre-existing defects, 
the formation of a conductive path may be slow, but once a percolation path exists the 
breakdown suddenly appears in an abrupt and damaging way. Quick charge movement 
initiates electrical heating (Joule heating), leading to electrical and thermal damage, 
destroying the insulator along the formed path. 
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Ion irradiation is known to degrade mechanical and thermal properties of polymers due to 
bond scission, and induce electrical conductivity because of creation and percolation of 
carbon clusters [58], [192]. Changes induced by light ions which have a low stopping power 
are smaller, different or even non-existing due to certain energy thresholds for given material 
changes [50][203]. Our results follow this trend. Gammas and protons induce only minor 
changes. At higher stopping powers, degradation starts to increase at low irradiation 
fluences. The decrease in dielectric strength for heavy ions (≥ Ni) follows a half logarithmic 
law with increasing fluence, quite similar to the one observed for insulating matrices 
containing increasing amounts of conducting particles such as carbon black, carbon 
nanotubes or metal powders [204]–[206]. This indicates that in the case of heavy ions 
percolation of carbon clusters or induced electrical conductivity starts to occur within single 
tracks. Similar to this suggestion, ion induced conductive tracks have been found in 
amorphous diamond-like carbon films [207]. It should be pointed out that for heavy ions 
already low fluences create a serious risk for having electrical breakdown. However, as 
mentioned earlier, not only electrical conductivity but also thermal and mechanical 
properties change during irradiation. From our measurements it is impossible to deduce 
which effect is dominating and it is very likely that they are additive. 
Furthermore, the results show that the breakdown voltage of polyimide samples irradiated 
under 45° is a factor of 1.5-1.7 larger compared to the samples irradiated under normal 
incidence. We therefore consider that the breakdown tree follows the ion track, or that the 
jumping of the tree between non-irradiated and irradiated regions of the material delays the 
tree percolation. If we consider equivalent breakdown strengths of each track, a factor of 1.4 
is expected due to the increased track length. The slightly higher values might be explained 
by the mixture of both processes measured. Increasing the track length increases the volume 
of material which has to be degraded as well as increases the delay of the breakdown due to 
the tree propagation time. Since the ramping speed of the voltage is kept constant during all 
measurements, this increase in tree propagation time will increase the measured breakdown 
voltage additional to the higher energy required to form the breakdown hole. 
 
 
Conclusions of dielectric strength data on ion irradiated polyimide 
 
Overall, the dielectric strength of polyimide is decreased due to ionizing radiation in the 
observed regime. Gamma and ion beam irradiations, which have a low energy loss (protons 
and carbon ions), cause less damage compared to heavy ion irradiation (≥Ni). Breakdown 
 92 
 
voltage of samples irradiated with Ru ions under 45° of incident angle show higher values 
due to the increase in track length. The technical specification of the FAIR superconducting 
magnets` insulation is defined to be ~5 kV for 3 layers of 25 µm thick polyimide films. For a 
single 25 µm foil this corresponds to an electrical field of 1.67 kV. It can be stated that the 
polyimide samples irradiated with gammas and protons are still within the specification after 
a dose of about 28 MGy and 80 MGy respectively, whereas the heavy ion irradiations follow a 
different trend. Degradation starts orders of dose magnitudes earlier and their insulating 
properties are at the limit of the specification at a dose of about 1 MGy. Weibull analysis of a 
selected dataset clearly demonstrates that at the specified maximum electrical field, the 
failure probability of the insulation is dramatically increased in the case of heavy ions. During 
FAIR-operation, the angle of lost beam is expected to be in the order of 1-2° gracing 
incidence. The secondary fragments produced have an angular distribution with a preferred 
forward direction. Therefore secondary particles will penetrate the magnet coil under grazing 
incidence. For samples irradiated under an incident angle of 45° the measured breakdown 
voltage follows the penetration length of the ion induced track. Ion radiation with grazing 
incidence should produce even less damage to the bulk insulating properties. Each part of the 
magnet coil will be exposed to a different secondary spectrum depending on the incident 
angle of the lost beam as well as the different location of each component. The magnets will 
see thermal cycles as well as pulsed mechanical forces. Not only polyimide but also glass fiber 
reinforced plastics, polyvinyl formal (FormvarTM) and polyvinyl alcohols (PVA) are used for 
insulation purposes. 
The results provide a first indication that individual tracks induced by heavy fragments 
completely passing through the polyimide insulation represent failure paths facilitating 
dielectric breakdown processes. As a recommendation the magnet coil should be shielded 




Low temperature thermal properties of ion irradiated polyimide 
 
Low temperature thermal conductivity  
 
The reproducibility of the thermal conductivity measurement set up (as described in ) was 
tested for 3 individually prepared polyimide samples and within 10% (Fig. 5.25). 
 

































Fig. 5.25 Thermal conductivity of three non-irradiated 125 µm thick polyimide foils. Error of 
temperature measurements using silicon diodes is less than 4%. 
 
Several groups reported thermal conductivity data of Kapton-type polyimide over a wide 
temperature range [208]–[213]. In all of these works the thermal conductivity is found to be 
proportional to T in the investigated temperature range. Best fits were found using the 
allometric function. In Fig. 5.26, a fit of our data (blue line) is compared to fit functions of 
values given in literature (red lines). The deviations are ascribed to the different 
measurement techniques as well as to differences in film thickness and manufacturer of the 
PI films. A direct comparison of the reported values is thus difficult. However, it can be seen 
that the obtained values scatter by a factor of approximately 5 and our measurements on a 
single 125 µm foil show reasonable values. 
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Fig. 5.26 Thermal conductivity of 125 µm thick polyimide measured in this work (blue line) and 
fit curves from data in Refs. [208]–[213] (red lines). 
 
For heavy ion irradiation, the thermal conductivity of polyimide decreases with increasing 
irradiation dose (Fig. 5.27). At the maximum dose of 25 MGy for Ni-ion irradiation, the 
thermal conductivity has decreased by 50 %. A possible explanation for this behavior is the 
formation of defects and amorphization. This results in an increased phonon scattering, 
hindering thermal transport, which is similar to the results reported by Briskman, who found 
a decrease of the thermal conductivity of polyethylene terephtalate (PET) irradiated with 
high energy protons [214], [215] and results on neutron irradiated graphite [216]. Since it is 
known that ion irradiated polymers become carbonized, accompanied with electrical 
conductivity, it can be stated that the increased phonon scattering has a stronger influence 
than the heat carried by the electrons, which additionally contribute to the heat transfer. In 
similarity some sorts of graphite (especially polycrystalline nuclear grade type graphite, such 
as AGOT [217] or pitch bonded graphite [218]) were found to have the lowest thermal 
conductivity at low temperature measured so far [118]. 
Additionally to the decrease of thermal conductivity after ion bombardment, it can be stated 
that the plateau regime found for amorphous materials (explained in chapter 2.3) cannot be 
registered in ion irradiated polyimide within the observed fluence regime. An appearance of 
the plateau would have indicated total amorphization of the polymer and was expected due 
to the known ion induced amorphization in various crystalline materials. This behavior is 
interpreted by the lack of a totally amorphous material after ion irradiation. For example, 
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Calcagno et al. found small graphite crystals in carbon derived from keV-MeV ion irradiated 
polymer samples [219] explaining the observed trend. 











 1x1011 cm-2 (0.5 MGy)


















Fig. 5.27 Thermal conductivity of non-irradiated polyimide (black squares) and samples 
irradiated with 11 MeV/u Ni-ions. The red point and blue point curve correspond to irradiation 
doses of about 0.5 and 25 MGy respectively. Error bars show 10% error estimated by the 
reproducibility measurements.  
 
Heat capacity of ion irradiated polyimide 
 
Complimentary to the low temperature thermal conductivity of ion irradiated polyimide heat 
capacity measurements were carried out with non-irradiated polyimide and a sample 
irradiated with 5×1012 Ni-ions/cm2 (~25 MGy) in the temperature range from 2-300 K. 
Fig. 5.28 shows the obtained volumetric specific heat measured in comparison with the 
standard value of the National Institute for Standards (NIST) and with data found in the 
literature and unpublished results derived through private communications 
[220],[221],[222]. 
The measured value of non-irradiated polyimide is very similar to those derived by V. Zubko 
[221] and the NIST standard value [220]. 
For ion irradiated polyimide an increased specific heat is found at very low temperatures 
(<4 K) and a decrease at higher temperatures; the latter being consistent with the lower 
thermal conductivity found as previously shown. Table 5.5 lists the changes and the relative 
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changes at 5 selected temperatures. After the transition from higher to lower specific heat at 
low temperatures the maximum difference starts to be quite constant having a value of -
13 %. 
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Fig. 5.28 Volumetric specific heat versus temperature data of polyimide measured by different 
groups and volumetric specific heat of 125-µm polyimide irradiated with 11 MeV/u Ni-ions 
Table 5.5 Difference in volumetric specific heat of ion irradiated polyimide calculated exemplary 
for 5 temperatures in the low temperature regime. 
Temperature / K CV non-irradiated / J/m3K * 
CV irradiated / 
J/m3K * 
2 521 591 
4 3922 3792 
8 19701 18875 
16 65135 56125 
35 191566 166200 
  *: estimated error is in the order of 10% 
 
Conclusion on low temperature properties of ion irradiated polyimide 
 
In conclusion, the results clearly demonstrate that the thermal conductivity and volumetric 
heat capacity of polyimide insulations will decrease with extending operation time of the 
FAIR magnets. That means that depending on the expected radiation dose of the 
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superconducting magnets, possibly higher heat power values have to be considered when 
quench heaters are designed. In addition, the quench behavior of the magnet is changing and 
could lead to earlier quenches because of the reduction in heat dissipated through the 
insulation material.  
The true effect of this has to be simulated and calculated to really show how these effects will 
combine. Performance of these simulations was not the scope of this thesis, but will be 
carried out by the magnetic design department. 
It should be noted that the used Ni-beam has to be considered as a worst case scenario 
keeping in mind beam fragmentation calculations in chapter 1.6 showing that the heavy ion 
contribution to the secondary radiation in the later application has the highest portion in a 
small volume at the surface of the material (directly next to the beamtube), not at the whole 






5.2 Polyepoxy/G11-Type Glass-Fiber Reinforced Plastic: 
Beam Induced Structural Changes in Polyepoxy and G11 
This chapter deals with heavy ion induced changes of cured polyepoxy and G11-type GFRP. 
IR spectroscopy (in-situ and ex-situ ATR) and RGA (in-situ), as described in Chapter 3, were 
used to analyze the degradation mechanisms on a molecular level. 
G11 composites as used for FAIR magnets contain both a polyepoxy matrix and multiple 
layers of woven glass-fiber bundles. For spectroscopic analytical methods, such as IR-
spectroscopy, samples are either too thick (order of mm) or the glass fibers show strong 
absorption bands hiding the degradation of the polymer matrix. Because of this, thin (~8-15 
µm) amine cured polyepoxy foils were synthesized (as described in chapter 3.1), irradiated 
(chapter 4.4), analyzed and wherever applicable compared with data obtained from the G11 
composite assuring the similarity of the used polymer system compared to the composite. 
In-situ IR-spectroscopy of cured polyepoxy: 
 
Results are displayed in Fig. 5.29 showing the IR spectra of non-irradiated polyepoxy foil and 
after irradiation with 1×1012 cm-2 of 4.5 MeV/u 197Au ions. Next to new developing peaks it 
can be noted that nearly all IR bands (assigned in chapter 3.3) present in the non-irradiated 
sample decrease due to the molecular destruction induced by the ion beam. 


















Fig. 5.29 FT-IR spectra of non-irradiated and 4.5 MeV/u Au-ion irradiated cured polyepoxy foil 
(~10 µm thick). For a better visibility only the spectra of non-irradiated polyepoxy and the 
highest fluence are presented. 
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Next to the decrease in band intensities, a shoulder appearing at 3300 cm-1 can be identified 
(Fig. 5.30). This band is interpreted to derive from the C-H vibration of radiolytically 
produced terminal alkynes. The formation of terminal alkynes is a known phenomenon 
taking place within different polymers irradiated with swift heavy ions and seems to be 
independent of the molecular structure of the polymer. For example Balanzat et al. found the 
identified terminal alkynes in polyethylene (PE) and polyvinylidene fluoride (PVDF) [223], 
Steckenreiter et al. observed similar absorption bands in polyimide (PI), polycarbonate (PC), 
and polyethylene therephtalate (PET) [168], [184], [196]. Terminal alkynes are known to 
show three vibrational bands: one strong absorption due to symmetric stretching of C-H in 
the regime near 3300 cm-1, a weak absorption at about 2200 cm-1 deriving from the vibration 
of the carbon-carbon triple bond, and a strong but wide absorption at around 632 cm-1 due to 
a deformation vibration of the C-H bond (in the appendix 5 exemplary IR spectra of different 
molecules bearing terminal alkynes are presented). 































Fig. 5.30 FT-IR spectra as shown in Fig. 5.29 with a higher magnification to the wavenumber 




Even though the formation of alkynes seems logical (explaining for example the increase in 
the absorption band at 2216 cm-1, Fig. 5.31), it should be noted that the latter described 
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deformation band has only been identified in case of PE and PVDF. The absence of the alkyne 
deformation band in other polymers may be explained by the initial broadness of the 
polymeric absorption band, which broadens even more due to the mixture of alkyne-
containing degradation products. Additionally, the molecular weight distribution is known to 
further widen by the ion beam degradation. All this could be responsible for the absence of 
the deformation band, but should be verified for final proof by means of solid state nuclear 
magnetic resonance in further studies. 

























Fig. 5.31 FT-IR spectra as shown in Fig. 5.29 with a higher magnification to the wavenumber 




In Fig. 5.31 the wavenumber regime between 2400-1800 cm-1 is shown. Next to the 
absorption at 2216 cm-1, identified as vibration of the carbon-carbon and carbon-nitrogen 
triple bonds and/or ketenals or isocyanides cumulated double bonds, a peak at 1942 cm-1 can 
be seen. This peak, in principle being in the regime of carbonylic double bonds, is shifted to 
very high wavenumbers (standard carbonyl absorptions are strong absorptions found 































Fig. 5.32 FT-IR spectra as shown in Fig. 5.29 with a higher magnification to the wavenumber 




In the last wavenumber regime (Fig. 5.32), broad peaks between 1800-1650 cm-1 are found. 
In this regime typical double bond formation takes place. In case of carbonyls derived by 
oxidation and in case of carbon-carbon double bonds arising via the elimination of hydrogen. 
The latter is found in all ion degradation studies of hydrocarbons and is typically one of the 
main outgassing products. 
 
ATR-IR of irradiated G11-type GFRP 
 
Fig. 5.33 shows the ATR-IR spectra derived from the surface of G11-type GFRP irradiated 
with 1×1012 Au-ions/cm2. Despite the known decrease in band intensities of non-irradiated 
present bands, mainly two changes can be seen. (i) The increase of hydroxyl vibrational band 
and (ii) a strong absorption band at 1710 cm-1. This band is identified as carbonyl absorption 
deriving from carbonyl double bonds. No evidence of alkyne-formation or radiolytic 
production of carbon-carbon double bonds can be found. The latter case might be masked 
due to existing absorption band at 1610 cm-1 deriving from phenyl vibrations. It seems that 
use of a coupling agent as well as the glass fibers change the degradation products slightly, 
compared to the in-situ IR investigations on cured polyepoxy film. 
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Fig. 5.33 ATR-IR spectra of non-irradiated and 11 MeV/u Au-ion irradiated (φ=1×1012 cm-2) G11  
Additionally, the ex-situ measurements could have lost information due to the formation of 
instable degradation products which disappear after the irradiation. It should be noted that 
the samples for ex-situ measurements typically have to cool down from the ion induced 
radioactivity for weeks up to months depending on the used energy and irradiation time. 
The results will be discussed further together with the results of the residual gas analysis in 
more detail. 
 




The RGA spectra before and during ion irradiation of amine cured epoxy resin are shown in 
Fig. 5.34. Before the start of irradiation the spectrum is dominated by H2O but also contains 
small amounts of CO and hydrocarbons. These hydrocarbons are not present in the empty 
chamber (without any sample) and originate from the outgassing of the target holder and the 
sample. 
Irradiation of the sample leads to a significant increase of the intensity of many m/z values. 
Next to hydrogen, which is the dominating outgassing species, mainly hydrocarbons such as 
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CHx (m/z=12-16), C2Hx (m/z=24-30), C3Hx (m/z=36-44) and C4Hx (m/z=48-58), H2O 
(m/z=16-18), CO (m/z=28), and N2 (m/z= 14,28) are recorded. As background we 
recorded the irradiation of the sample holder without sample, therefore degassing from 
irradiated surfaces of sample holder and chamber wall are included (and substracted). In the 
case of sample irradiation the energy of the beam and its range in the sample holder is 
changed by 10%, i.e. the surface of the target holder is irradiated slightly different in 
comparison to the background spectrum without sample. Due to this and the unknown 
pumping speed of the system for different gases obtained values can be interpreted only in a 
qualitative way. 
The intensity of the outgassing hydrocarbons CxHy decreases with higher carbon content and 
starts to be non-detectable above C5Hx. This is a typical observation for mass spectra of 
aliphatic hydrocarbons. In comparison to thermal combustion processes of epoxy polymers 
only small amounts of CO2 are produced. 
 
 














































Samples of G11-type polyepoxy were irradiated with a Ca beam and an energy of 5 MeV/u at 
the GANIL in France as described in [58]. Compared to the RGA spectra of the amine cured 
polyepoxy matrix during Au irradiation, the G11 composite irradiated with Ca ions shows 
significant differences (Fig. 5.35). Despite hydrogen (H2, m/z=2) still being the dominating 
outgassing degradation product, mainly water and carbon monoxide become noticeable in 
greater amounts relative to other outgassing species. Hydrocarbon fragments are not 
detectable significantly. An explanation of this can be found both in the lower energy loss of 
the used Ca-beam, and in the smaller volume of outgassing polymers material due to the 
composites mixture of 60 % glass fibers. It is difficult to draw conclusions and/or a true 
comparison to the Au irradiation of the amine cured polymer because of the different ion-
beam as well as the different experimental chambers (chamber vacuum, pumps, ect.). 
Experiments with both types of material would have been necessary. Due to limited beam 
time it was not possible to conduct this type of experiment. 
 



































Fig. 5.35 Obtained mass spectrum of 5 MeV/u Ca-ion irradiated G11 after subtraction of the 
background (beam on holder without sample). The range of 5 MeV/u Ca ions in G11 is about 50 





Degradation mechanism of polyepoxy and G11-type GFRP: 
 
In summary, the ion induced changes of the chemical structure of G11-type polyepoxy is 
governed by the decomposition as indicated by outgassing of volatile combustion gases (mass 
loss) as well as decrease of band intensities of functional groups as detected by FT-IR. In the 
case of G11-type composite, only ex-situ measurements are available for the IR because of its 
thickness of about 1 mm. Besides the decrease of IR bands degradation products such as 
alkynes, carbon-carbon double bonds, and heterocummulenes (allenes) become visible in the 
in situ FT-IR measurements. The structure of amine cured polyepoxy is shown in Fig. 5.36, 
where the arrows indicate the 3D crosslinking of the material; i.e. continuous repetition of 
diglycidylether of bisphenol F and amine curing agent units. Possible degradation routes are 



















Fig. 5.36 Part of the repeating unit of amine cured polyepoxy used in this study. Arrows indicate 
the continuing of the structure which is cross-linked in great amount due to the amine curing. 
 
Ion induced synthesis of alkyne formation 
 
 
In literature the explanation of ion induced production of terminal alkynes is adopted from 
high temperature processes observed in the thermal degradation of aromatic molecules such 
as benzene, phenol, ect. [224]. Also, in PE, PVDF and PP alkyne-bands are identified too, but 
so far an explanation of their synthesis is missing [223]. In the latter reference the broadness 
of the alkyne bands of aromatic polymers is discussed. The FT-IR measurements of ion 
induced polyepoxy show the same tendency of forming rather broad alkyne-absorption band. 
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Despite the fact that polymers naturally show broad absorption bands, an adittional 
explanation for the broad alkine bands could be the existence of additionally –OH groups, 
because the CH-stretching of terminal alkynes in molecules additionally bearing –OH are 
found to be broad (see appendix). Fig. 5.37 A) shows the proposed ion induced production of 
butadiine and a ketenale from ion irradiated polyimide as described in Ref. [224]. The 
intermediate step of observed degradation products (in case of in-situ FT-IR gas analysis) 
already shows a subunit containing a terminal alkyne. It would therefore be a reasonable 
degradation path for amine cured polyepoxy as they bear similar structural units. 
Another possible formation pathway can be drawn from the industrial synthesis of acetylenes 
which is performed using CH4 pyrolysis at 1500°C with short contact times. An ion induced 
thermal spike would produce similar conditions: high temperatures and short contact times. 
For hydrocarbons which have a greater carbon content than CH4, alkynes, or better polyynes, 
are the typical intermediate products for carbon char or soot synthesis [225]–[227]. Since 
carbon cluster synthesis is commonly observed in ion induced polymer degradation (as 
discussed in chapter 5.1 for polyimide degradation), an adoption of this mechanism would 
explain both carbon cluster production as well as alkyne production. In principle, the 
energies introduced into the material are high enough to break all bonds within a track. 
Therefore exotic degradation products as in case of high temperature synthesis are expected. 
However, the exact mechanism of the nature of alkyne formation is considered to be a 
mixture of the mentioned different degradation processes. Again it should be pointed out 
that ion induced polymer degradation follows thermal degradation pathways rather than 
photochemical processes. 
 
Ion induced synthesis of allenes 
 
Heterocummulenes and allenes are sensitive molecules usually synthesized at high 
temperatures, for example from malonic esters and their derivatives [228], or acetic 
anhydride [229]. At ambient conditions they tend to form ring structures or to polymerize. 
Therefore, the observation of this degradation path becomes only visible in the used in-situ  
IR spectroscopy set-up. Earlier investigations using ex-situ IR spectroscopy on cured 
polyepoxy samples did not reveal the band at 1942 cm-1 [230]. The band at 1942 cm-1 is 
most likely an allene not having a ketenal- or isocyanide-type structure, because cumulated 
double bonds which include oxygen or nitrogen atoms are found at higher wavenumbers (as 
the band found at 2200 cm-1). One idea of a degradation pathway which ends in an allene is 
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proposed in Fig. 5.37 C). The proposed formation includes water and hydrogen abstraction, 
both identified outgassing degradation products in the experiments. 
 
Ion induced synthesis of carbonyls and carbon-carbon double bonds 
 
The degradation pathways which end up in carbon-carbon double bonds are 
dehydrogenations and discussed widely discussed in literature [78], [231], [232]. In the 
same manner carbonyls are found in polymers containing oxygen such as PC, PVAc and 
others [196], [224], [233]. Both structural groups, being identified in the IR spectra, are 
therefore expected degradation products and not discussed further. It can be stated that 
cured polyepoxy polymers show similar degradation tendencies to form carbon-carbon and 


































Fig. 5.37 Discussed degradation pathways A) synthesis of terminal alkynes as described in 
[184], [185] B) possible bonds which after degradation create the phenol radical of A) C) 
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Breakdown voltage measurements of G11
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fluences the dielectric strength dramatically decreases due to degradation of the material. At 
the highest fluence of 1.2×1012 cm-2 (corresponding to 2.3 MGy) the material has lost more 
than half of its dielectric strength. 





























Fig. 5.39 DC-dielectric strength of G11-type GFRP versus fluence of 200 MeV/u Xe-ions. Error 
bars are by means of standard deviation of three measurements. 
 
Breakdown voltage measurements of G11-type polyepoxy and cyanatester-epoxy glass-
fiber composite (AC) 
 
The (AC)-dielectric strength of non-irradiated and irradiated glass-fiber reinforced plastics is 
plotted as a function of irradiation fluence in Fig. 5.40. For the non-irradiated materials it 
can be stated that (i) the material shows a lower dielectric strength compared to DC 
measurements (as discussed in the introduction) and (ii) that the initial dielectric strength of 
the cyanatester-epoxy blend/S-glass system is lower than in the case of the commercial epoxy 
system. The latter finding might be explained by the pilot-plant production process of the 
cyanatester system, which was apparently not optimized, and sample pieces showed 
imperfections at the surface already in the non-irradiated state. 
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For irradiated samples, two different degradation behaviors are observed. In the case of 
classical G11-type composite the dielectric strength decreases in a kind of exponential decay 
evolving to a limiting value of about 32 kV/mm (Fig. 5.40). 




























Fig. 5.40 AC-dielectric strength of G11 type GFRP versus fluence of 400 MeV/u Au-ions. Lines are 
guides to the eye only. 
 
In contrast to this, the cyanatester-epoxy/S-glass composite does not show any degradation 
in dielectric strength (Fig. 5.41). Within the experimental error the dielectric strength value 
scatters around 20-30 kV/mm. The reason for this behavior is to be found in the higher 
radiation resistance of cyanatester (as observed in gamma and neutron irradiation studies) as 
well as the higher strength of the S-glass fibers. 
The classical and commercially available system, even so degraded, shows a higher dielectric 
strength after irradiation. The question remains open-ended as to whether the radiation 
































Fig. 5.41 AC-dielectric strength of cyanatester-epoxy/fiber composite versus fluence of 





After dielectric strength measurement breakdown holes within the ion beam eroded area 
become visible. These areas were analyzed by means of scanning electron microscopy as 
presented in Fig. 5.42, exemplary on the G11 sample tested under DC conditions irradiated 
with 1.2×1012 cm-2 of xenon-ions (2.3 MGy). The breakdown causes the creation of a large 
hole, where the epoxy matrix is completely pulled out, surrounded by a less damaged zone. 
Higher magnification of the damaged zone reveals that the matrix partly is not bonded to the 
fiber anymore, which indicates an degraded fiber-matrix interface. 
In disagreement with [36], we did not observe any changes of the breakdown holes with 
increasing irradiation dose. Different samples show no clear trend in growing damage zone 
or form of breakdown holes and are therefore not presented.  
 Fig. 5.42 Top view (SEM images
with a special focus on the fiber
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Fig. 5.43 shows the low temperature thermal conductivity of G11-type glass-fiber reinforced 
polyepoxy. Since the material consists of two dimensional woven glass fabrics embedded in a 
polyepoxy matrix, it is anisotropic in nature. Therefore the thermal transport was measured 
in fiber- and “through thickness”- (warp-) direction. 







1.2  G11 Gatex (through thickness direction)
























Fig. 5.43 Thermal conductivity versus temperature of G11-type GFRP for different directions of 
the composite 
In the fiber direction the thermal conductivity is 30 % higher within the analyzed 
temperature regime. Glass-fibers such as the E-glass used in this composite is known to have 
a higher thermal conductivity compared to polymers such as cured polyepoxy. The results are 
therefore within the expectations that in warp direction a higher thermal conductivity is 
found [235]. Unfortunately, no appropriate irradiated samples were available to check the 
difference of irradiated and non-irradiated composites. However, the non-irradiated data is 
useful for the superconducting magnet design to simulate the quench behavior of the 
superconducting coil which is dependent on the heat capacity and the thermal conductivities 
of the used materials. Although much literature on low temperature thermal conductivity of 
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G11-type composites is available [118], [99], [236], [237]; the thermal conductivity of this 




The low temperature volumetric specific heat of non-irradiated G11-type composite is 
presented in Fig. 5.44 in comparison with data of other glass-fiber reinforced plastics, taken 
from literature [235], [238], [239], [240], [241], [242]. 



































Fig. 5.44 Volumetric specific heat of various G11-type GFRP´s versus temperature 
 
In comparison to the found volumetric specific heat of other G11-type composites, the Gatex 
material used in this study has a low volumetric specific heat. In Fig. 5.45 the specific heat 
capacity (per mass) is presented for non-irradiated material. Within the expected 
instrumental error of about 5 % no significant change in CP is found. The reason for this is 
the low energy loss of the used particle beam as well as the high glass fiber content (50-
60 %) of the material. If we expect the polyepoxy matrix to behave like polyimide and 
consider the glass fiber unchanged in the observed dose regime, then this behavior is very 
well explained.  
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Fig. 5.45 Comparison between the heat capacity of non-irradiated and 200 MeV/u Xe-ion 
irradiated G11-type GFRP 
 
Conclusion about ion induced material property changes of glass fiber reinforced plastics 
 
In comparison to the ion induced degradation of thin polymer insulators, the effects on 
material properties of high energy heavy ion irradiated G11-type glass-fiber reinforced 
plastics are less dramatic. The reason for this is ascribed to (i) the lower energy loss of high 
energy particles, which is 2.5 keV/nm for 200 MeV/u xenon ions compared to 10.5 keV/nm 
for 11 MeV/u xenon ions and (ii) from the inorganic part of the composite (i.e. glass-fibers) 
which also reinforce the composite against radiation because of the higher radiation 
resistance. The relative change in dielectric strength of irradiated cyanatester/S-glass 
composites is found to be less sensitive compared to classical G11 epoxy/E-glass systems. 
However, the classical system initially has a higher dielectric strength. The turns of the 
superconducting coil of the SIS 100 FAIR magnets will be insulated with about 75 µm of 
polyimide reinforced with G11 (about 0.2 mm between each turn) and have to survive a 
security limit of 5 kV. From our tests it can be concluded that without further degradation by 
electrical and thermal cycling, and/or pulsed mechanical forces, the used insulation fulfill the 
specifications of the FAIR magnet design. However, the mentioned factors cannot be 
neglected, and have to be tested to give a true lifetime estimation. Also, more statistics could 
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deliver useful information about true failure probabilities. Due to the limited beamtime 
available, high doses as well as a great number of samples are typically not available. 
Changes of thermal properties at low temperature of the G11 were tested and the volumetric 
heat capacity of irradiated G11 samples was found to be unchanged after an irradiation dose 
of 2.3 MGy of 200 MeV/u xenon ions. This means that the quench performance of the 





5.3 Functional Tests on Irradiated Accelerator C
Leak Test on Irradiated Voltage B
 
The voltage breaker decouples magnets from each other from an 
electrical point of view, but its main 
helium (as described in the i
Considering the high mobility of helium atoms in the gaseous or liquid 
state, it is imperative that the voltage breaker guarantees leak tightness. 
Remembering the accident at CERN in 2010, the safety of the cryogenic 
system is of major concern. 
The specification of the FAIR magnet design gives a leakage rate of
<10-7 Pa/l*s as tolerable (inner 
Prior to the irradiation, the non
to inner helium pressure of 30
300 K to 77 K by liquid nitrogen. After this procedure the leakage 
was determined with a vacuum tester and found to be 10
orders of magnitude better than specified. After irradiation (as described 
in 4.4), the voltage breakers insulation, impregnated G11,
strong coloration due to the ion irradiation (
to 2.5×106 Pa of inner helium pressure and 1 time cycled to 77 K. After 
(moderate) procedure the leakage rate increased to 5
 
Table 5.6 Helium leakage rate of non
Fluence / cm
Pristine 
3×1013 Ar-ions (400 MeV/u, 
 
 
The conclusion of this experiment is that
application. As a consequence of this result, the magnet design plans to shield the voltage 
breaker from irradiation via a stainless steel shield, or replace it with ceramic voltage 
breakers. The latter voltage breakers




function is the transport of liquid 
ntroduction) in a circuit of many magnets. 
 
pressure 2.5×106 Pa, room temperature). 
-irradiated voltage breaker was submitted 
 bars and 5 times cycled (thermally) from 
rate 
-9
 Pa/l*s, two 
 suffered from 
Fig. 5.46). It was submitted 
this 
×10-3 Pa/l*s. 
-irradiated and irradiated voltage breaker
-2 Leakage rate / (Pa
1×10-9 
0.630 MGy) 5×10-3 
 ~1 MGy of Ar-beam is not tolerable for the 











Fig. 5.47 Technical drawing of the 
steel shielding of the G11
Temperature Sensors 
 
In order to investigate the radiation hardness of Cernox
chapter 1.3), 5 sensors were irradiated with an secondary beam produced by stopping 
1 GeV/u uranium beam in a stainless steel target, 
as described in chapter 4.3
calibrated with a reference sensor before 
irradiation and cooled down after the irradiation 
together with the reference. The results of the 
temperature measurements and the relative error 
in percentage of each sensor versus
temperature are shown in Fig. 
induced error in temperature is always smaller 
than 2.5 %. This means in absolute temperature 
that the error is more pronounced i
temperature regime above 100
The reason for this is due to the high resistivity of Cernox
(which assures exact temperature measurements). Therefore low 




liquid helium transport tubes (left) and with the proposed
-type voltage breaker (right) 
 
 
TM-Temperature Sensors (described in 
. Sensors were 
 the 
5.49. The beam 
n the high 
 K, where the sensors also initially have a higher uncertainty. 
TM-Sensors at low temperatures 
temperature
Fig. 5.48 Photographs of the irradiated 
sensor and its target holder made out of 
G11. Note the ion induced black 








Table 5.7 Dose of irradiated Cernox
TM
-sensors 









Fig. 5.49 Temperature versus cooling time of the 5 irradiated sensors and the non-irradiated 
reference sensor (left) and the calculated difference of the irradiated sensors against the 
reference sensor in % 
CernoxTM-Sensors are thin film metal oxide sensors which are based on electrical resistivity 
measurements. It is known that the resistivity of materials can be increased or decreased by 
irradiation and that metal oxides are quite radiation hard materials. So far, testing of 
radiation hardness of temperature sensors was exclusively done using gamma and neutron 
radiation for CernoxTM, PtRh and carbon based sensors [243]–[247]. In our measurements 
these tests were expanded to a fragmented secondary beam consisting of gamma rays, 
neutrons and light and heavy particles as described in chapter 4.3. 
 
Fig. 5.50 Schematics of the beamtube and the vacuum chamber made out of stainless steel with 




Due to the planned position of the sensors on the outside of the later magnet (Fig. 5.50), 
they will be exposed mainly to neutrons, and our test conditions can be seen as a worst case 
scenario. It is expected that during 20 years of operation these sensors will see less than 
10 MGy of neutron irradiation. Comparing the results for neutron and gamma irradiation 
with our results leads to the conclusion, that at low temperatures (such as 4.2 K) the 
expected error due to radiation will be less than 0.5 K. This means no problems are expected 
within the estimated operation time of 20 years. 
Pixeo Peel Test Samples 
 
The results of Pixeo glued polyimide strips irradiated with 11 MeV/u carbon ions and 
fragmented beam (as described in chapter 4.3) are presented in Fig. 5.51. In the case of 
carbon ions, the peel strength increases with irradiation dose while the elongation to break 
decreases. This result is an indication for an increase in brittleness and hardness of the 
material which is in agreement with mechanical studies of other irradiated polymers [248], 
[249]. 
The results of the fragmented beam irradiated samples show a strong decrease in both peel 
strength and elongation to break. In Fig. 5.52 the test specimen of the highest dose of the 
fragmented beam irradiation is presented to show the strong coloration induced by the 
fragmented beam. The results of this special sample (irradiated with a dose of about 5 MGy) 
were not measurable because the sample fell apart while being clamped into the measuring 
device.  
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Fig. 5.51 Peel strength (left) and elongation at break (right) versus irradiation dose of Pixeo 
glued polyimide strips. Light ion irradiation (black squares) shows less effects compared with 
secondary radiation containing also heavy ions (red circles) 
Even with the low statistic, heavier ions as present in the mixture of the fragmented beam 
experiment cause more damage compared to light ion irradiation within the analyzed fluence 
and energy regime. Furthermore, at 5 MGy induced by the secondaries of the fragmented 
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beam, the glued polyimide connection has lost its mechanical properties. Whether the 
radiation resistance of this glued connection fulfills the specification of the FAIR magnets 
should be carefully reconsidered. The part of the superconducting coil next to the beamtube 
will be exposed to a fragmented beam from one side which will result in a coil having intact 
and broken glued connections. This may not only affect the electrical insulation of the 
superconducting coil but also its quench behavior due to inhomogeneously altered materials, 
which may additionally contribute to friction induced heating during ramping of the magnet. 
 
Fig. 5.52 Pixeo peel test specimen irradiated with about 5 MGy of secondary radiation as 
described in chapter 4. Note the radiation induced black coloration and the sample fell apart 
while being clamped into the measuring device. 
For a reliable lifetime estimation additional tests are necessary. In the case of light ion 




6 Summary and Conclusions 
This thesis deals with the characterization of radiation induced effects in polymers, polymer 
fiber composites and magnet components. A special focus lies in energetic heavy ion beam 
induced changes in the chemical structure and material properties of polymeric materials 
used in the future accelerator at the Facility for Antiproton and Ion Research (FAIR). For this 
reason, various irradiation experiments were conducted at the GSI Helmholtz Center for 
Heavy Ion Research, LMU Munich and the Institute for Theoretical and Experimental Physics 
(ITEP) and analyzed by means of various in-situ and ex-situ analytical methods, dielectric 
strength measurements, low temperature measurements of thermal properties, as well as 
technical tests of low-temperature sensors, voltage breakers and a special glued polyimide 
tape. 
First in-situ experiments were performed at the new M3-Beamline of GSI. Polyimide as well 
as polyepoxy samples were irradiated with 4.5 MeV/u Au ions up to a fluence of 1×1012 cm-2 
(~10 MGy) and their degradation was followed by means of in-situ FT-IR and on-line RGA. 
On the basis of these in-situ measurements, which revealed high sensitivity towards small 
changes in polymer structure, several degradation products could be identified. In polyimide 
four IR absorption bands in the regime of aliphatic –CH3 and carboxylic -OH suggest that the 
heavy ions induce the formation of carboxylic acids and aliphatic branches such as methyl 
groups. For amine-cured polyepoxy samples alkynes, allenes and double bond formation are 
found as degradation products. Complimentary, ex-situ UV/Vis spectroscopy and TG-MS 
measurements demonstrated a great influence of the used type of radiation on the 
degradation mechanism. While particle beams lead to a carbonization of the material, 
gamma irradiation does not form any carboneous structures (within the observed dose 
regime). The applied high energy neutron irradiation does not show significant changes in 
polymer structure up to a neutron fluence of 2×1016 n/cm2. An even higher neutron flux, 
necessary to create considerable modification, was not applied because of the high 
radioactivity such an experiment would create and the limited beamtime available. 
In all cases, the measured induced changes are dependent on the energy loss of the used 
particle beams and therefore are sensitive towards their energy and atomic mass. In this 
context the dose is not anymore a suitable value to compare the degree of changes of 
different ion beams. A weighted unit (like an effective dose as used in biophysics) should be 
created or the fluence in combination with the dE/dxel should be considered. 
All material properties such as dielectric strength, thermal conductivity and volumetric 
specific heat at low temperatures suffer from ion induced degradation. The degree of changes 
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depends not only on the used particle beam but also on the measured material and the type 
of material property. 
The dielectric strength of polyimide is found to be affected at rather low fluences (starting at 
6×106 cm-2, for 11 MeV/u Au ions) where track percolation is not expected. At 1 MGy the 
insulating properties are at the limit of the specification. 21 MeV Proton irradiated polyimide 
samples still fulfill the electrical specification of the magnet at 82 MGy. 
In measurements of samples irradiated under 45° of incident beam (11 MeV/u, Ru ions), the 
dielectric strength is dependent on the used angle of irradiation which indicates that the 
dielectric breakdown follows the ion tracks. Therefore single tracks already act as starting 
defects for breakdown events. It can be stated that heavy ions contributing to the secondary 
radiation in the later application are a serious security risk for the magnet insulation. 
Wherever possible an appropriate shielding should be foreseen or the insulation should be 
made of a different insulation system (such as MgO or mica-wrapped composites). 
Glass-fiber reinforced plastics show less sensitivity against ion irradiation. The glass-fibers 
seem to protect the composite from continuous damaged zones showing only minor 
degradation in dielectric strength. Of the two different composites tested cyanatester-
epoxy blend/S-glass-fiber composite has increased radiation hardness compared to classical 
G11-type composite. This result is in agreement with results of tests performed for ITER. 
Thermal property measurements at low temperatures reveal that the thermal conductivity of 
polyimide decreases with increasing fluence of ion irradiation. However, the decrease is not 
of big technical concern. It is recommended that foreseen quench heaters should be designed 
more powerful to compensate this effect. 
The tested impregnated voltage breaker suffers from tremendous degradation at already low 
dose. Leakage rates after irradiation are crucial and the usage is not recommended without 
appropriate shielding. Commercially available ceramic voltage breakers used at the LHC at 
CERN should have a higher radiation resistance and should be tested. CernoxTM temperature 
sensors showed a good performance. No strong radiation effects on the low temperature 
thermometry are expected. The polyimide strips glued with PixeoTM are found to be sensitive 
against particle beams of high energy loss (similar to the dielectric strength or structural 
changes). 
Because of the different degradation tendencies found for different material classes and 
properties it is recommended, from a technical point of view, to conduct more studies to 







Future investigations will focus on (i) measurements of test specimens irradiated to higher 
dose which were too radioactive to be measured so far (ii) static and dynamic mechanical 
tests of irradiated glass fiber reinforced plastics and (iii) testing of polymers such as 
FormvarTM and PVA used as insulators of accelerator components. 
As mentioned in the introduction, all materials used in pulsed sc magnets will be exposed to 
dynamical mechanical forces at low temperature, due to Lorentzian forces and the pulsed 
operation of the magnet. Within the experiment described in chapter 4, various samples were 
irradiated for tensile, shear and compression tests. Due to the high induced radioactivity of 
this test specimen (mainly because of their higher mass and volume compared to the already 
tested materials), they could not be measured within the period of this thesis. 
In Fig. 7.1 irradiated compression test samples of G11 are presented which show 
inhomogeneous damage induced by the ion beam, which are foreseen for dynamic 
compression tests at low temperature. 
 
 
Fig. 7.1 Non-irradiated (top) and irradiated (fragmented beam, 6MGy) G11-type GFRP samples 
for compression tests (size: 1x1x5 cm). 
Because of the inhomogeneous degradation there is the risk, that the degraded volume will 
act as weak link. 
In Fig. 7.2, the residual radioactivity of this sample is shown as a function of time. Since no 
“hot cells” are available at GSI activated samples have to cool down to an appropriate level, 
commonly about 0.5 µSv/h. From the graph in Fig. 7.2 it can be anticipated that a tolerable 
residual radioactivity will be reached approximately by the end of 2014. 
Besides polyimide also different types of vinyl-polymers such as polyvinyl alcohol (PVA), 
polyvinyl acetate (PVAc) and a mixture out of PVA/PVAc/polyvinyl acetal (FormvarTM) are 
foreseen as wire enamels at various positions of the superconducting accelerator structure of 
FAIR. Such aliphatic polymers are known to show a lower radiation resistance compared 
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with aromatic polymers. Testing of these materials therefore has a high priority. The M-
branch facility is used to investigate structural changes induced in such polymers and 
measurements on this field are ongoing [233]. 


























Fig. 7.2 Radioactivity of G11-type GFRP compression test specimen irradiated with 6 MGy of 
secondary radiation 
Additionally, in 2009 a complete irradiation experiment was performed at the ITEP in 
Moscow. G11-type composites and pre-irradiated polyimide samples were irradiated with 
~80 MGy of 21 MeV protons. At present, this samples are still too radioactive to be 
transported to Germany. Measurements of these samples will deliver interesting information 
such as dielectric strength comparisons of classical G11 and cyanatester/S-glass fiber 










IR spectra: Examples of Terminal Alkynes 
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